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ABSTRACT 
The goals  of t h i s  program have been: (1) t o  d e f i n e  minimum s t r e s s  
c o n f i g u r a t i o n s  f o r  s i l i c o n  sheet growth a t  h igh  (2  3 cm/min) speeds; 
(2) t o  q u a n t i f y  d i s l o c a t i o n  e l e c t r i c a l  a c t i v i t y  and t h e i r  l i m i t s  on 
minor i ty  c a r r i e r  d i f f u s i o n  length i n  deformed s i l i c o n ;  and (3)  t o  study 
reasons f o r  degrada t ion  of l i f e t i m e  wi th  i n c r e a s e s  i n  doping l e v e l  i n  
EFG m a t e r i a l .  Among t h e  main accomplishments have been: 
( i)  Development of a f i n i t e  element model f o r  c a l c u l a t i n g  
r e s i d u a l  s t r e s s  wi th  p l a s t i c  deformation (with P r o f e s s o r  J. Hutchinson 
a t  Harvard U n i v e r s i t y ) ;  
( i i)  V e r i f i c a t i o n  of a f i n i t e  element model f o r  EFG c o n t r o l  
v a r i a b l e  r e l a t i o n s h i p s  t o  temperature f i e l d  of t h e  shee t  t o  permit 
p r e d i c t i o n  of p r o f i l e s  and s t r e s s e s  encountered i n  EFG systems (wi th  
Professor  R.A. Brown, MIT) ; 
(iii) Development of r e s idua l  s t r e s s  measurement technique f o r  
f i n i t e  s i z e  EFG m a t e r i a l  blanks using shadow Moir6 in te r fe rometry  (with 
Professor  S. Danyluk, Universi ty  of I l l i n o i s  a t  Chicago; 
( i v )  I n v e s t i g a t i o n  of t r a n s i e n t  creep response of s i l i c o n  i n  t h e  
temperature  range between 800 and 1400OC i n  s t r a i n  (10-8) and s t r a i n  
r a t e  (10-4 s-1) regimes of i n t e r e s t  i n  t h e  s t r e s s  a n a l y s i s  of shee t  
growth ( a t  Mobil S o l a r ) ;  
(v )  Establ ishment  of q u a n t i t a t i v e  r e l a t i o n s h i p s  between minor i ty  
c a r r i e r  d i f f u s i o n  l e n g t h  and d i s l o c a t i o n  d e n s i t i e s  using E l e c t r o n  Beam 
Induced Current  (EBIC) measurements i n  FZ s i l i c o n  deformed i n  
four-point bending i n  t h e  temperature reg ion  between 800 and 140OOC 
( a t  Mobil S o l a r ) ;  
PAGE \ itlTEliTIONGLLY t?LANK 
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( v i )  Q u a n t i t a t i v e  c h a r a c t e r i z a t i o n  of t h e  e f f e c t  of boron and 
gal l ium dopants on bulk l i f e t i m e  and on recombination around 
d i s l o c a t i o n s  f o r  EFG m a t e r i a l .  
The modeling work was supported by experiments c a r r i e d  out on EFG 
r ibbon systems a t  Mobil S o l a r ,  which have s t u d i e d  t h e  e f f e c t s  of 
post-growth temperature p r o f i l e  changes on r ibbon s t r e s s  and 
d i s l o c a t i o n  l e v e l s .  Residual s t r e s s  and d i s l o c a t i o n  d e n s i t i e s  were 
reduced by lowering growth speed t o  t h e  o r d e r  of 1 cm/min. A t  2 cm/min 
and above, i n t e r f a c e  reg ion  temperature g r a d i e n t s  had t o  be maintained 
a t  high values t o  main ta in  v i a b l e  ( s t a b l e )  growth, and t h i s  has  
precluded obtaining such reduct ions .  S t r e s s  a n a l y s i s  has  shown t h a t  
reduct ion  of r e s i d u a l  s t r e s s  can be achieved by manipulat ion of 
t r a n s v e r s e  isotherms away from t h e  growth i n t e r f a c e ,  v i z . ,  cool ing t h e  
shee t  edge with respec t  t o  t h e  c e n t e r  a t  d i s t a n c e s  of 1 t o  5 cm from 
t h e  i n t e r f a c e .  This  i s  n o t  e f f e c t i v e  i n  reducing h igh  s t r e s s e s  very  
near  (1 t o  5 mm) t h e  i n t e r f a c e .  The i m p l i c a t i o n  is t h a t  a l l  v e r t i c a l  
s i l i c o n  sheet buckle-free growth may be creep l i m i t e d  a t  speeds i n  t h e  
range of 3 cm/min. 
"This r epor t  was prepared a s  an account of work sponsored by t h e  United 
S t a t e s  Government. Nei ther  t h e  United S t a t e s  nor t h e  United S t a t e s  
Department of Energy, nor any of t h e i r  employees, nor any of t h e i r  
c o n t r a c t o r s ,  subcont rac tors ,  o r  t h e i r  employees, makes any warranty 
express  or implied,  or assumes any l e g a l  l i a b i l i t y  o r  r e s p o n s i b i l i t y  
for t h e  accuracy, completeness or u s e f u l n e s s  of any information,  
apparatus ,  product or process  d i s c l o s e d ,  or r e p r e s e n t s  t h a t  i t s  use 
would n o t  i n f r i n g e  p r i v a t e l y  owned r i g h t s . "  
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r .  INTRODU~ION 
A program t o  study s t r e s s  gene ra t ion  mechanisms i n  s i l i c o n  
s h e e t  growth was s t a r t e d  a t  Mobil So la r  on J u l y  9, 1982. The 
purpose of t he  research  was t o  de f ine  post-growth temperature 
p r o f i l e s  f o r  t he  shee t  t h a t  can minimize i t s  s t r e s s  during growth 
a t  high speeds,  e.g., g r e a t e r  than 3 cmlmin. The i n i t i a l  t a sks  
were t o  develop computing c a p a b i l i t i e s  t o  (i) model 
s t ress - tempera ture  r e l a t i o n s h i p s  i n  s teady-s ta te  r ibbon growth, 
and ( i i)  provide a means t o  c a l c u l a t e  r e a l i s t i c  temperature  
f i e l d s  i n  r ibbon,  given growth system component temperatures  as 
boundary condi t ions .  
A computer code which accounted f o r  p l a s t i c  deformation 
e f f e c t s  on s t r e s s  was generated a t  Barvard Un ive r s i ty ,  while a 
modeling c a p a b i l i t y  t o  p red ic t  temperature  p r o f i l e s  i n  EFG r ibbon 
under r e a l i s t i c  growth condi t ions was developed a t  Mobil Solar .  
The l a t t e r  involved experimental work a l s o ,  t o  develop a f i b e r  
optics-based thermometer. 
The s tudy of creep response of s i l i c o n  above 1000°C and up 
t o  near  t he  melt ing temperature was i n i t i a t e d  i n  January 1983, 
when i t  was found t h a t  ava i lab le  d a t a  on t h e  c o n s t i t u t i v e  law 
were inadequate and d id  not apply f o r  condi t ions  r e l evan t  t o  
p l a s t i c  deformation i n  s i l i c o n  shee t  growth. F i r s t  three-point  
bending, and then  four-point bending appara tus  was cons t ruc ted  
and used t o  examine primary ( t r a n s i e n t )  creep behavior  of s i l i c o n  
f o r  very s h o r t  ( l e s s  than 1 0  seconds) t imes under s t r e s s ,  which 
could gene ra t e  up t o  107/cm2 d i s l o c a t i o n  d e n s i t i e s .  
New subtasks  i n  support  of t h e  s t r e s s  a n a l y s i s  work were 
i n i t i a t e d  a t  MIT and a t  t he  Univers i ty  of I l l i n o i s  (Chicago) i n  
Apr i l  of 1983. Improved schemes f o r  c a l c u l a t i n g  growth system 
temperature  d i s t r i b u t i o n s  and f o r  ob ta in ing  informat ion  on growth 
dynamics, so t h a t  r e a l  system behavior  could be b e t t e r  
understood, were developed using e x i s t i n g  f i n i t e  element models 
a t  MIT. The Univers i ty  of I l l i n o i s  work examined t h e  f e a s i b i l i t y  
of using l a s e r  i n t e r f e romet r i c  techniques t o  measure r e s i d u a l  
s t r e s s  d i s t r i b u t i o n s  i n  s i l i c o n  shee t .  Only average r e s i d u a l  
s t r e s s  va lues  obta ined  from a "scribe-and-spli t" technique were 
a v a i l a b l e  and these  were not  u se fu l  f o r  eva lua t ing  t h e  d e t a i l e d  
s t r e s s  d i s t r i b u t i o n s  pred ic ted  by t h e  f i n i t e  element models 
developed a t  Harvard. 
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Attempts t o  v e r i f y  c e r t a i n  a s p e c t s  of t h e  s t r e s s  modeling 
met wi th  l i m i t e d  success  i n  s tudy of high speed s h e e t  growth 
( 3  t o  4 cm/min) i n  the  10 cm EFG c a r t r i d g e  system because of t h e  
complexity of t h e  growth i n t e r f a c e  environment and of t h e  n a t u r e  
of t h e  reheat  reg ion  of t h e  temperature  p r o f i l e  i n  t h e  
a f t e r h e a t e r .  A lower growth speed system for 5 cm wide r ibbon 
was constructed a t  Mobil S o l a r  i n  e a r l y  1984, which provided a 
very simple monotonically decreas ing  post-growth cool ing p r o f i l e ,  
and f l e x i b i l i t y  t o  manipulate i t .  
A task t o  develop E l e c t r o n  Beam Induced Current ( E B I C )  t o  
provide q u a n t i t a t i v e  information on t h e  e l e c t r i c a l  a c t i v i t y  of 
d i s l o c a t i o n s  and t h e i r  c o n t r i b u t i o n  t o  b u l k  d i f f u s i o n  l e n g t h  
degradat ion was s t a r t e d  a t  Mobil S o l a r  i n  Apr i l  1984, i n  a 
s i g n i f i c a n t  r e d i r e c t i o n  of t h e  program. This  subtask  was 
expanded i n  t h e  c o n t i n u a t i o n  c o n t r a c t  i n  J u l y ,  and s tudy of t h e  
e f f e c t s  of dopants on degrada t ion  of t h e  q u a l i t y  of low 
r e s i s t i v i t y  EFG m a t e r i a l  was a l s o  i n i t i a t e d  then. The new 
emphasis on t h e  c h a r a c t e r i z a t i o n  of t h e  e l e c t r i c a l  a c t i v i t y  of 
d e f e c t s  vas maintained throughout t h e  remainder of t h e  program 
with extended s t u d i e s  of s t r e s s e d  s i l i c o n  m a t e r i a l s .  
The f i n a l  subtask i n  t h e  program has examined a new approach 
t o  t h e  study of creep phenomena i n  s i l i c o n  i n  t h e  temperature 
reg ion  from 8OOOC and 1200OC, where creep l i m i t a t i o n s  a r e  
suspected t o  s t r o n g l y  impact on r e s i d u a l  s t r e s s .  An apparatus  t o  
measure s t r e s s  r e l a x a t i o n ,  v i z . ,  t h e  decay of s t r e s s  appl ied  a t  a 
f i x e d  s t r a i n  (sample displacement) ,  has  been b u i l t  and was used 
t o  o b t a i n  da t a  on s i l i c o n  a t  Mobil S o l a r .  
The following s e c t i o n s  of t h i s  r e p o r t  summarize t h e  main 
r e s u l t s  obtained i n  t h e  v a r i o u s  subtasks  of t h i s  program. 
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11. SUMMARIES OF PROGRAM ACTIVITIES 
A. Advanced Svstem Design 
A t  t h e  time of i n i t i a t i o n  of t h i s  program, a s a t i s f a c t o r y  
model t h a t  could account f o r  s t r e s s e s  generated i n  s i l i c o n  shee t  
growth a t  high speeds was no t  a v a i l a b l e .  Numerous a t tempts  t o  
account f o r  r e s i d u a l  s t r e s s e s  su f fe red  inadequacies  i n  one a rea  o r  
another .  The most prominent of t hese  were the  l a c k  of a f u l l y  
two-dimensional t reatment  of s t r e s s  and temperature  f i e l d s  i n  t h e  
shee t  width dimension, and the omission of p l a s t i c  deformation 
e f f e c t s .  Two s i g n i f i c a n t  factors prevent ing the  development of 
such a model were t h e  absence of adequate information on creep 
behavior of s i l i c o n  a t  high temperatures t h a t  could be app l i cab le  
t o  t h e  shee t  growth s i t u a t i o n ,  and of experimental  da t a  on 
temperature f i e l d s  and deformation modes of growing shee t  t h a t  
could guide the modeling e f f o r t .  
The work i n i t i a t e d  under t h i s  subcont rac t  a t tempted t o  develop 
and t e s t  i n  t h e  labora tory  a st ress- temperature  f i e l d  model f o r  EFG 
s i l i c o n  r ibbon t h a t  could overcome t h e  above d e f i c i e n c i e s .  In t h e  
subtask a t  Harvard, a computer code t o  p r e d i c t  s t ress - tempera ture  
f i e l d  r e l a t i o n s h i p s  i n  s teady-s ta te  shee t  growth was developed. 
The s t r e s s  s t a t e  i s  parameterized by a two-dimensional temperature 
f i e l d  and growth speed. Time dependent s t r e s s  r e l a x a t i o n  e f f e c t s  
were incorpora ted  through a creep law t o  model t h e  impact of 
p l a s t i c  flow on the  sheet  r e s idua l  s t r e s s  s t a t e .  
A second a spec t  of t h i s  subtask d e a l t  with development of a 
model t o  p r e d i c t  t h e  temperature f i e l d  i n  a moving shee t  from given 
system component temperatures ( i . e . ,  t he  shee t  environment) and 
study experimental  means t o  ve r i fy  i t .  A computer program was 
3 
developed a t  Mobil S o l a r  t o  c a l c u l a t e  s h e e t  temperatures  f o r  given 
temperature boundary condi t ions  i n  an enclosure surrounding t h e  
shee t .  Several approaches t o  measure temperature  p r o f i l e s  i n  t h e  
shee t  under  a c t u a l  growth condi t ions  were a l s o  developed. 
Thermocouples were used a s  w e l l  a s  a more s o p h i s t i c a t e d  thermometer 
using f i b e r  o p t i c s .  When i t  was found t h a t  t h e  10  cm EFG c a r t r i d g e  
system i n i t i a l l y  modeled g e n e r a l l y  was too  complex t o  s tudy b a s i c  
phenomena and lacked t h e  f l e x i b i l i t y  t o  allow v a r i o u s  temperature  
measurements t o  be made, a s impler  EFG system f o r  5 cm wide r ibbon 
was designed and cons t ruc ted  t o  t e s t  var ious  a s p e c t s  of t h e  s t r e s s  
and temperature f i e l d  ana lyses .  
F i n i t e  element techniques developed a t  MIT f o r  s o l u t i o n  of 
coupled c a p i l l a r y ,  h e a t  and mass t r a n s f e r  equat ions  i n  t h e  EFG 
system also were appl ied  t o  s tudy t h e  10  c m  c a r t r i d g e  system. 
These were a b l e  t o  p r e d i c t  s h e e t  temperature  p r o f i l e s ,  p r e s e n t  
under actual  growth condi t ions ,  which could be used i n  t h e  s t r e s s  
a n a l y s i s  and i n  system opt imiza t ion  f o r  combined growth s t a b i l i t y  
and m i n i m u m  s t r e s s .  These c a l c u l a t i o n s  included e x t e n s i o n  of t h e  
f i n i t e  element model t o  include f l u i d  f low and dopant segrega t ion  
i n  t h e  meniscus so t h a t  t h e  number of a d j u s t a b l e  parameters  could 
be reduced. The p r e d i c t i o n s  of t h e  model were compared, f o r  t h e  
case of aluminum segrega t ion ,  t o  experimental ly  deduced r e s u l t s  f o r  
10  cm c a r t r i d g e  o p e r a t i o n  wi th  very good r e s u l t s .  
The other  subtask of s t r e s s  model t e s t i n g  involved study of 
t h e  h igh  temperature creep behavior of s i l i c o n  a t  h igh  temperatures  
under condi t ions r e l e v a n t  t o  high speed s i l i c o n  s h e e t  growth. 
Three- and four-point  bending appara tus  was c o n s t r u c t e d  and t e s t e d  
a t  Mobil So la r ,  and used t o  o b t a i n  d a t a  on v a r i o u s  s i l i c o n  
m a t e r i a l s :  FZ wafers,  h igh  and 'low carbon c o n c e n t r a t i o n  CZ s i l i c o n ,  
EFG and d e n d r i t i c  web s i l i c o n  s h e e t s .  
The major accomplishments i n  these  a r e a s  of a c t i v i t y  a r e  
descr ibed i n  more d e t a i l  i n  t h e  fol lowing subsec t ions .  
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1. S t r e s s  Analvsis (J. Lambropoulos, P. Mataga, and 
J. Hutchinson, Harvard Un ive r s i ty )  
The method of analyzing s t eady- s t a t e  growth of s i l i c o n  
s h e e t  i s  covered i n  d e t a i l  i n  an e a r l i e r  r e p o r t  Ell ,  and i n  t h e  paper 
c i t e d  i n  t h e  Appendix (Ref. [ 4 ] ) .  The s t r e s s  c a l c u l a t i o n s  
subsequently have l e d  t o  a c lose r  examination and t o  progress  i n  
understanding of s eve ra l  very important i s s u e s  a s s o c i a t e d  wi th  s t r e s s  
gene ra t ing  mechanisms i n  shee t  growth. Only q u a l i t a t i v e  p r e d i c t i o n s  
us ing  t h e  s t r e s s  model a r e  poss ib l e  even a t  t h i s  time, however, 
because of inadequate information on t h e  creep law a p p r o p r i a t e  t o  
shee t  growth. A new approach t o  o b t a i n  da t a  on c reep  response of 
s i l i c o n  between 800OC and 1200OC was implemented i n  t h e  l a t t e r  s t a g e s  
of th i s  c o n t r a c t  ( s e e  Sec t ion  A2 below), but i n t e r p r e t a t i o n  of t h i s  
da t a  has no t  been completed t o  improve t h i s  s i t u a t i o n  a t  t h i s  time. 
The e x t e n t  t o  which s t r e s s e s  a r e  reduced by creep  was found t o  
be very s e n s i t i v e  t o  t h e  d e t a i l s  of t h e  temperature p r o f i l e  i n  t h e  
s h e e t  as wel l  as t o  t he  form of t h e  creep law. A weaker dependence 
of r e s i d u a l  s t r e s s  on growth speed than  a n t i c i p a t e d  on t h e  b a s i s  of 
experimental  r e s u l t s  f o r  t h e  10 cm EFG c a r t r i d g e  system was a l s o  
found, and sugges ts  t h a t  inadequacy of t h e  creep r e p r e s e n t a t i o n  a t  
very  high temperatures (2 1200OC) may be r e spons ib l e .  
A t t e n t i o n  was a l s o  focused on t h e  appropr i a t e  s t r e s s  boundary 
cond i t ion  f o r  shee t  growth t h a t  i s  t o  be imposed a t  t h e  l i q u i d - s o l i d  
i n t e r f a c e .  We have used a boundary cond i t ion  f o r  t h e  s t r e s s  
component u (y i s  t r ansve r se  coord ina te  i n  shee t  width dimension) 
t h a t  u = 0 a t  t h e  i n t e r f a c e  X = 0. The mathematics of t h e  
s t eady- s t a t e  growth process  i s  such t h a t  any i n i t i a l  d i s t r i b u t i o n  
u (y) a t  X = 0 can be prescr ibed .  The choice of u = 0 a t  X = 0 i s  
d i f f e r e n t  from t h a t  used i n  s t r e s s  a n a l y s i s  by o t h e r  au tho r s  who have 
attempted t o  c a l c u l a t e  s t r e s s  d i s t r i b u t i o n s  i n  s i l i c o n  shee t  growth 
using the rmoe las t i c  s t a t i c  theory. These a t tempts  g e n e r a l l y  use a 
very l a rge  non-zero u a t  t he  so l id - l iqu id  i n t e r f a c e  i n  t h e  
a n a l y s i s .  We f e e l  t h a t  t h i s  i s  no t  phys i ca l  because such u va lues  
a r e  o rde r s  of magnitude above the y i e l d  and flow s t r e s s e s  of s i l i c o n  
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over a considerable  temperature range, and thus  undoubtedly l ead  t o  
wrong s t r e s s  d i s t r i b u t i o n s  i n  t h e  case of s teady-s ta te  growth, and 
cannot pred ic t  r e s i d u a l  s t r e s s  d i s t r i b u t i o n s .  
The ques t ion  of t h e  appropr ia te  i n t e r f a c e  boundary c o n d i t i o n  t o  
use i n  t h e  model developed h e r e  s t i l l  remains an outs tanding  i s s u e  a t  
t h i s  time. A s i m p l i f i e d  model governing t h e  behavior  of t h e  s t r e s s e s  
very near  the i n t e r f a c e  was proposed [21 and showed t h a t  s t ress  
d i s t r i b u t i o n s  obtained from t h e  p r e s e n t  model a t  d i s t a n c e s  g r e a t e r  
than  about 1 mm from t h e  i n t e r f a c e  a r e  independent of t h e  i n t e r f a c e  
s t r e s s ,  provided high creep i n t e n s i t i e s  p r e v a i l .  
A new scheme f o r  c a l c u l a t i n g  r e s i d u a l  s t ress  from r e s i d u a l  
i n e l a s t i c  s t r a i n  was a l s o  developed 131. This  h a s  in t roduced  t h e  
concept of ' f m i s f i t f f  s t r a i n  and i s  r e l a t e d  t o  a small  bu t  perhaps 
s i g n i f i c a n t  inhomogeneity i n  t h e  v e l o c i t y  p r o f i l e  of t h e  advancing 
l iqu id-so l id  i n t e r f a c e  a c r o s s  t h e  growing s h e e t  width.  The m i s f i t  
s t r a i n  c o n t r i b u t i o n  t o  t h e  t o t a l  r e s i d u a l  i n e l a s t i c  s t r a i n  can be 
comparable t o  t h e  creep cont r ibu t ion .  
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When primary creep r a t e  s t u d i e s  ( s e e  below) and new d a t a  on 
steady-state  c reep  response of s i l i c o n  above l O O O O C  became a v a i l a b l e  
more r ecen t ly ,  a s  summarized i n  Table I, it was c l e a r  t h a t  t h e  
i n i t i a l  s t r e s s  a n a l y s i s  had employed a c o n s t i t u t i v e  law t h a t  
considerably underest imated t h e  creep i n t e n s i t y  f o r  s h e e t  growth. 
Thus, more d e t a i l e d  c a l c u l a t i o n s  of s t r e s s  i n  experimental  systems 
were consequently c a r r i e d  out  wi th  creep laws a f a c t o r  of up t o  l o 4  
g r e a t e r  than o r i g i n a l l y  envisioned. P r e d i c t e d  r e s i d u a l  s t r e s s  l e v e l s  
were accordingly reduced from unphysical l e v e l s  of t h e  order  of 100 
hPa maximum, which would buckle and even l e a d  t o  f r a c t u r e  of r ibbon 
a t  room temperatures,  t o  l e v e l s  of t h e  order  of 10  t o  30 MPa more 
t y p i c a l l y  expected on t h e  b a s i s  of experimental  r e s u l t s .  It appears  
t h a t  t h e  h ighes t  s teady-state  r e p r e s e n t a t i o n ,  or ffultra-high" creep 
condi t ion  i n  Table I i s  perhaps t h e  b e s t  a v a i l a b l e  e s t i m a t e  of c reep  
r e l a x a t i o n  i n  h igh  speed s i l i c o n  shee t  growth a t  t h i s  time. 
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A number of s e n s i t i v i t y  s t u d i e s  examining t h e  impact of changing 
t h e  post-growth cooling p r o f i l e  of t h e  s h e e t  on r e s i d u a l  s t r e s s  were 
c a r r i e d  out.  The most s i g n i f i c a n t  r e s u l t s  were obtained f o r  t h e  case 
where t h e  t ransverse  isotherm ( i n  t h e  s h e e t  width o r  y dimension) shape 
was v a r i e d .  Reductions i n  r e s i d u a l  s t r e s s  a r e  p r e d i c t e d  f o r  t h e  s h e e t  
edge cooled wi th  respec t  t o  t h e  c e n t e r l i n e .  Peak thermoelas t ic  
s t r e s s e s  usua l ly  inc rease ,  however, and appear t o  produce t h e  enhanced 
d r i v i n g  force t o  a c t i v a t e  t h e  s t r o n g e r  creep necessary t o  reduce t h e  
r e s i d u a l  s t r e s s .  The e x t e n t  of t h e  r e d u c t i o n  and r e s i d u a l  s t r e s s  
r e d i s t r i b u t i o n  a r e  func t ions  of t h e  d i s t a n c e  fron? t h e  growth i n t e r f a c e  
a t  which the maximum excursion i n  t h e  t r a n s v e r s e  isotherm v a r i a t i o n  i s  
imposed, and of t h e  creep i n t e n s i t y .  
For edge-centerline temperature d i f f e r e n c e s  of l O O O C  w i t h  t h e  edge 
cooled, i t  i s  p o s s i b l e  t o  achieve peak r e s i d u a l  s t r e s s  reduct ions  of up 
t o  30-40 percent  f o r  c e r t a i n  growth condi t ions .  The r e s i d u a l  s t r e s s  
r e d u c t i o n  i s  n o t  very s e n s i t i v e  t o  growth speed i n  t h e  range from 1 t o  
3 cm/min, or  t o  t h e  d e t a i l s  of t h e  t r a n s v e r s e  isotherm shape. A 
complete d e s c r i p t i o n  of t h e  r e s u l t s  of t h e  modeling i s  r e p o r t e d  i n  a 
re ference  given i n  Appendix I, where a paper  prepared f o r  t h e  F i r s t  
I n t e r n a t i o n a l  Symposium on Shaped C r y s t a l  Growth ( S S C G l ) ,  and 
submit ted t o  t h e  Journa l  of C r y s t a l  Growth, i s  c i t e d  (Ref. 161) .  
The ex ten t  of t h e  s t r e s s  r e d u c t i o n  which can be achieved w i t h  
manipulation of t h e  t ransverse  isotherms i s  very  s e n s i t i v e  t o  t h e  form 
of t h e  creep law used i n  t h e  c a l c u l a t i o n .  The creep behavior  of 
s i l i c o n  i n  t h e  most c r i t i c a l  range f o r  t h e s e  c a l c u l a t i o n s ,  t h a t  between 
about 1200 down t o  80OOC where t h e  creep quick ly  becomes a l i m i t i n g  
f a c t o r  i n  s t r e s s  reduct ion  even f o r  t h e  slower speed growth range of 
1-3 cm/min examined, i s  n o t  w e l l  understood f o r  condi t ions  r e l e v a n t  t o  
t h e  shee t  growth s i t u a t i o n .  For t h i s  reason,  equipment t o  measare 
s t r e s s  r e l a x a t i o n  i n  t h i s  r e g i o n  was c o n s t r u c t e d  and used t o  o b t a i n  
s t r e s s  r e l a x a t i o n  information. 
The main conclusion of t h e  s t r e s s  a n a l y s i s  has  been t h a t  t h e  s h e e t  
maximum s t r e s s e s ,  which u s u a l l y  occur a t  h igh  temperatures  w i t h i n  a few 
mm of t h e  i n t e r f a c e  and a r e  l i k e l y  t o  be those causing buckl ing a s  
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speed i s  r a i s e d  above 3 cm/min, and t h e  r e s i d u a l  s t r e s s e s  a r e  very 
s e n s i t i v e  t o  d e t a i l s  of t he  creep and of t he  cool ing temperature 
p r o f i l e  i n  t h e  growing shee t .  Very in t ense  creep i s  p red ic t ed  t o  be 
r equ i r ed  t o  reduce t h e  s t r e s s e s  from the rmoe las t i c  va lues ,  which would 
be s u f f i c i e n t  t o  buckle and f r a c t u r e  the  shee t ,  t o  t h e  l e v e l s  of t h e  
order  of 1-20 MF'a usua l ly  observed experimental ly .  
The temperature  f i e l d  modeling i n d i c a t e s  t h a t  t h e  m a t e r i a l  
cons t an t s  of s i l i c o n  impose the  most fundamental c o n s t r a i n t s  on h e a t  
flow cond i t ions  t h a t  con t r ibu te  t o  producing l a r g e  i n t e r f a c e  va lues  of 
t h e  second d e r i v a t i v e  of the  temperature p r o f i l e ,  hence high p o t e n t i a l  
buckl ing s t r e s s e s ,  under condi t ions necessary t o  main ta in  high speed 
growth ( i . e . ,  very l a rge  in t e r f ace  g r a d i e n t s  i n  excess  of 1000°C/cm). 
This  imp l i e s  t h a t  a l l  v e r t i c a l  buckle-free s i l i c o n  shee t  growth w i l l  be 
l i m i t e d  t o  t h e  order  of 3 cm/min, and t h a t  t he  fiwindowll f o r  ob ta in ing  
low s t r e s s  conf igu ra t ions  even a t  slower speeds i s  seve re ly  cons t r a ined  
by the  d i f f i c u l t y  i n  manipulation of t h e  temperature p r o f i l e  very near  
t h e  growth i n t e r f a c e  without compromising growth speed c a p a b i l i t y .  
Moreover, it does not  appear tha t  t h e  s t r e s s  reduct ions  p red ic t ed  t o  
occur from adjustment of t ransverse  isotherm shapes can be made l a r g e  
enough t o  overcome the  dominant e f f e c t  of t he  a x i a l  p r o f i l e  cu rva tu re ,  
a l though t h i s  may be use fu l  i n  producing s i g n i f i c a n t  s t r e s s  r educ t ions  
w i t h i n  a lower growth speed range. B e t t e r  r e p r e s e n t a t i o n s  of t he  c reep  
law a r e  r equ i r ed  t o  o b t a i n  more q u a n t i t a t i v e  information.  
2. Experimental Aspects of S t r e s s  Generat ion (Mobil S o l a r )  
The experimental  work undertaken a t  Mobil So la r  was 
d i r e c t e d  mainly a t  support  of the s t r e s s  a n a l y s i s  e f f o r t  descr ibed  
above: t o  genera te  information on creep  t h a t  could be used t o  make the  
s t r e s s  c a l c u l a t i o n s  more q u a n t i t a t i v e ;  t o  opera te  EFG r ibbon systems t o  
provide a p l ace  t o  t e s t  t he  p r a c t i c a l  a s p e c t s  of t he  model 
p r e d i c t i o n s ;  and t o  develop modeling and experimental  approaches t o  
o b t a i o  informat ion  on t h e  temperature d i s t r i b u t i o n s  i n  a growing 
s i l i c o n  shee t ,  extremely v i t a l  t o  making s t r e s s  p r e d i c t i o n s  f o r  growth 
systems i n  p r a c t i c a l  use. The work i n  these  t h r e e  a r e a s  i s  summarized 
i n  what fol lows.  
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a. Creeu Law S tud ie s  (A.A.  Menna and M.P. Brodeur) 
C o n s t i t u t i v e  r e l a t i o n s h i p s  between t h e  s t r a i n  r a t e  
and s t r e s s  f o r  s i l i c o n  u s u a l l y  have been der ived  on t h e  b a s i s  of work 
hardening data taken between 1000 and 1300OC, and a t  l a r g e r  s t r a i n s  
and s t r a i n  r a t e s  than  t y p i c a l l y  encountered i n  s i l i c o n  shee t  growth. 
This  s i t u a t i o n  i s  i l l u s t r a t e d  by r e fe rence  t o  F ig .  1. The shaded 
reg ion  1 of t h e  s t r e s s - s t r a i n  curve i s  t h a t  a p p r o p r i a t e  f o r  shee t  
growth, with maximum s t r a i n  and s t r a i n  r a t e s  t y p i c a l l y  i n  t h e  ranges  
of 10-6 t o  1 0 - 4 ,  and t o  s-l, r e s p e c t i v e l y .  Evidence of 
Eiders - l ike  band format ion  was found in EFG r ibbon c ross  s e c t i o n s ,  
i n d i c a t i n g  t h a t  s t r a i n  i n s t a b i l i t i e s  p rev ious ly  a s s o c i a t e d  with 
l a r g e r  s t r a i n s ,  of t h e  o rde r  of percent  i n  t h e  shaded r e g i o n  2 of 
Fig. 1, were a l s o  t r i g g e r e d  dur ing  shee t  growth. The a v a i l a b l e  c reep  
da ta  of Myshlaev e t  a l .  and S i e t h o f f  and Schr'dter summarized i n  Table 
I were taken a t  cons tan t  s t r a i n  r a t e s  and l a r g e  s t r a i n s  of t h e  o rde r  
of 1 0  percent ,  a s  r ep resen ted  by the  shaded r e g i o n  3 in Fig. 1. 
Dis loca t ion  d e n s i t i e s  produced i n  t h e  l a t t e r  a r e  of t h e  o rde r  of 
10a-109/cm2, a s  compared t o  average l e v e l s  of 107/cm2 and below 
observed i n  EFG m a t e r i a l .  
Trans ien t  c reep  experiments were c a r r i e d  out a t  Mobil S o l a r  i n  
three- and four-point bending appara tus  b u i l t  e s p e c i a l l y  t o  wi ths t and  
o p e r a t i o n  up t o  t h e  mel t ing  temperature of s i l i c o n ,  1412OC. These 
were made from g r a p h i t e ,  and b u i l t  t o  c l o s e l y  conform t o  t h e  ASTM 
(e .g . ,  E328) s t anda rds .  Some t e s t i n g  of as-grown EFG m a t e r i a l  was 
c a r r i e d  out, bu t  i t s  c reep  response was found t o  be very  nonuniform 
because of grown-in s t r u c t u r a l  inhomogeneities. Thus, most of t h e  
creep experiments were subsequently done wi th  CZ s i l i c o n  wafers  of 
va r ious  carbon l e v e l s ,  and wi th  FZ s i l i c o n .  The temperature r e g i o n  
between 120OOC and 1400OC, where da t a  was n o t  a v a i l a b l e ,  was chosen 
f o r  study i n i t i a l l y  and l a t e r  these  creep s t u d i e s  were extended down 
t o  700OC, where t h e r e  was no more creep observed a t  t h e  load  of 5-20 
MPa chosen f o r  t h e  study. 
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1. P r i m a r y  C r e e p  - P r e s e n t  Work  
2.  L c d e r s  Bands ( M a h a j a n  e t  al., A c t a  M e t .  27(1979) 1165.) 
O b s e r v e d  f o r  T - < 1000°C 
3. S e c o n d a r y  C r e e p  - S t e a d y - S t a t e  
8 2  E, > 1 - 1 0 %  ND - > .  10 /cm 
F ig .  1. S t r e s s - s t r a i n  regimes f o r  creep. 
1 1  
Near the conclusion of t h e  c o n t r a c t ,  a s t r e s s  r e l a x a t i o n  appara tus  
was constructed t o  f u r t h e r  explore  t h e  creep behavior of s i l i c o n  i n  t h e  
temperature r e g i o n  between 800 and 120OOC which was found t o  be very  
c r i t i c a l  for some a s p e c t s  of t h e  s t r e s s  modeling s t u d i e s .  Rather than  
obta in ing  data of s t r a i n  and s t r a i n  r a t e  changes a t  cons tan t  a p p l i e d  
load,  these measurements provide information on t h e  r e l a x a t i o n  r a t e  of a 
load a t  constant s t r a i n ,  i .e . ,  a t  f i x e d  displacement amplitude.  
It i s  t o  be expected t h a t  t h e  g e n e r a l l y  complex s t r u c t u r e  of EFG 
s i l i c o n  mater ia l ,  wi th  i t s  h igh  d e n s i t y  of twin bands and o t h e r  non- 
uni formi t ies  i n  c r y s t a l l i t e  o r i e n t a t i o n  and impuri ty  conten t ,  responds 
very d i f f e r e n t l y  t o  appl ied  l o a d s  than  does t h e  s i n g l e  c r y s t a l  s i l i c o n  
wafers t y p i c a l l y  used i n  t e s t i n g .  Thus, one of t h e  more s i g n i f i c a n t  
i n i t i a l  f indings of t h e  four-point bending s tudy was t h a t  t h e  as-grown 
EFG mater ia l  s t i l l  has a very r a p i d  creep response a t  1050OC, a s  shown 
i n  t h e  data  of Fig.  2 .  These i l l u s t r a t e  both t h e  nonuniform response 
and t h e  f ac t  t h a t  a f a s t  t r a n s i e n t  o r  primary creep response even i n  
t h i s  work-hardened m a t e r i a l  i s  over i n  t imes of t h e  o r d e r  of one minute 
o r  l e s s .  This deformation was found t o  be permanent i n  t h a t  t h e r e  was 
no subsequent e l a s t i c  spring-back w i t h  load removal. These r e s u l t s  
guided f u r t h e r  experimentat ion above 1000°C on s i n g l e  c r y s t a l  m a t e r i a l ,  
where load a p p l i c a t i o n  t imes and magnitudes were g e n e r a l l y  chosen t o  
s tudy t h e  primary creep regime wi th  load  t imes of t h e  order  of 10 
seconds o r  l e s s .  
In general ,  very l i t t l e  information on t h e  creep response of 
s i l i c o n  above 1200OC i s  a v a i l a b l e .  Some of t h e  p r e s e n t  work conse- 
quent ly  examined t h e  very h igh  temperature creep, a s  shown by t h e  d a t a  
i n  Fig.  3 ,  and c o n t r a s t e d  t h e  r e l a t i v e l y  low impuri ty  conten t  FZ s i l i c o n  
t o  CZ s i l i c o n  wi th  high oxygen and carbon concent ra t ions .  F igure  4 
shows cross-sect ional  micrographs of s e v e r a l  of t h e  FZ s i l i c o n  samples 
s t r e s s e d  above 1375OC. F igure  4 ( a )  g i v e s  t h e  d i s l o c a t i o n  c o n f i g u r a t i o n  
f o r  an undeflected FZ sample loaded t o  1.4 MPa, hea ted  up t o  about 
140OOC under load,  and h e l d  a t  temperature  f o r  100 minutes.  No 
d e f l e c t i o n  was measurable a f t e r  cool-down. F igures  4 ( b )  and ( c )  show 
t h e  d i s l o c a t i o n  c o n f i g u r a t i o n s  a f t e r  long and s h o r t  t imes under s t r e s s  
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near  1400OC, a s  represented  by curves 1 and 4 i n  Fig.  3 ,  r e s p e c t i v e l y .  
It appears  t h a t  s i g n i f i c a n t  po lygoniza t ion  has  occurred only f o r  t h e  
case of the  sample of 4 ( b )  which was s t r e s s e d  under mul t ip l e  loading  
cond i t ions  f o r  120 minutes a t  1390OC. Curves 2 and 3 i n  Fig.  3 show t h e  
e f f e c t  of oxygen and carbon on t he  creep response a t  1375OC under 
cond i t ions  s i m i l a r  t o  curve 4 f o r  t he  Fz s i l i c o n .  A load  of 5.0 MPa was 
used f o r  a l l  these  samples. The carbon-rich CZ sample 2 appears t o  have 
a reduced creep response beyond t h a t  produced by the  oxygen alone i n  
sample 3.  
Addit ional  d i f f e r e n c e s  between t h e  FZ and CZ s i l i c o n  m a t e r i a l s  a r e  
i l l a s t r a t e d  by the  more ex tens ive  da ta  of Fig.  5 ,  which a l s o  examines a 
higher  s t r e s s  range. Here, CZ and FZ s i l i c o n  da ta  a t  137OOC and 
s t r e s s e s  between 7 and 16 MPa a r e  compared, inc luding  a (100) su r face  (Ji! 
s i l i c o n  sample. Again, t he  h igher  creep response i n  FZ s i l i c o n  i s  
ev ident  from comparison of responses  a t  comparable s t r e s s  l e v e l s .  The 
(100) CZ sample, with very low carbon but 1 x l o f a  a t / c c  oxygen does n o t  
e x h i b i t  a q u a l i t a t i v e l y  d i f f e r e n t  s t r a i n  r a t e  from t h a t  of t he  FZ 
s i l i c o n  a t  the h ighes t  s t r e s s  l e v e l s  of 1 5  MPa. However, t h e r e  i s  
considerable  unce r t a in ty  with r e spec t  t o  r e s o l u t i o n  of t he  time s c a l e  a t  
these  s h o r t  t imes,  so f u r t h e r  conclusions cannot be drawn. The h igher  
carbon CZ (curves  2 and 3) does show some i n d i c a t i o n  t h a t  the  creep 
response remains reduced from t h a t  of FZ s i l i c o n  even a t  h igher  loads.  
The maximum d i s l o c a t i o n  d e n s i t i e s  genera ted  i n  these  samples were 
t y p i c a l l y  1-5 x 10'/cm2. 
Four-point bending experiments were c a r r i e d  out  a t  1000°C and below 
t o  determine t h e  ex ten t  of c reep  a t  lower temperatures .  FZ s i l i c o n  of 
(111) surface o r i e n t a t i o n  and <110) bending a x i s  was loaded a t  6OOOC and 
80OOC f o r  one hour a t  25 hWa. No d e t e c t a b l e  d e f l e c t i o n  was observed i n  
e i t h e r  case.  Cross-sect ional  photomicrographs showed t h a t  no 
d i s l o c a t i o n s  were introduced a t  600OC. A low d i s l o c a t i o n  d e n s i t y  was 
observed for  t h e  8OOOC sample, with most d i s l o c a t i o n s  concent ra ted  
around t h e  load a p p l i c a t i o n  po in t s .  The average d i s l o c a t i o n  d e n s i t y  i n  
the  c e n t r a l ,  uniformly s t r e s s e d  r eg ion  was lower. The d i s l o c a t i o n s  were 
inhomogeneously nuc lea ted ,  o f t e n  along two p r i n c i p a l  (111) s l i p  p lanes .  
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F i g .  5. Creep response o f  FZ and CZ s i l i con  a t  137OOC. <110> 
bending  a x i  s. 
1. (111) CZ a t  7.0 MPa C, = 5 x 1017 a t / c c  
2. (111) CZ a t  12.0 MPa C, = 5 x 1017 a t / c c  
3. (111) CZ a t  15.5 MPa Cs = 5 x a t / c c  
4. (111) CZ a t  13.5 MPa C, = 1 x 10l8 a t / c c  
5. (100) CZ a t  13.5 MPa C, 5 1 x 1017 a t / c c  
6. (111) FZ a t  8.0 MPa 
7. (111) FZ a t  12.0 MPa 
8. (111) FZ a t  14.0 MPa 
9. (111) FZ a t  15.5 MPa 
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FZ silicon as well as EFG ribbon and Westinghouse WJ%B were 
stressed at10000C. The latter was done to generate samples for 
Cornel1 University, who will study the material using TEM. Web 
samples with and without dendrites attached were stressed. The 
results are given in Fig. 6. A single EFG ribbon also was stressed. 
The FZ silicon used in the initial experiment (curve d) exhibited so 
much creep that it was bent to the maximum extent and fell out of the 
bending apparatus after about 100 seconds of loading. Thus, this line 
gives only an approximate displacement curve. Additional FZ silicon 
samples were then loaded for progressively increasing time intervals, 
as shown by the circles: 25 seconds, 50 seconds, 75 seconds, and 
finally 105 seconds (curve e). These samples have been also used in 
the electrical characterization subtask discussed below. 
The main conclusion drawn from the above primary creep studies 
was that silicon above 120OOC can be treated as an essentially plastic 
solid insofar as its responses to stress above about the 5 MPa level 
are concerned. Attempts were made [SI to analyze the data using 
approximations that could give estimates of the creep law to within an 
order of magnitude. These led to a representation of the primary 
creep response of the form given in Table I, with a stress 
dependence d - a x o  which is a very weak function of temperature not 
resolved within the limited scope of the data. 
The constitutive law used in all the stress analysis described 
here is of the form deduced from the secondary creep data as 
represented in Table I. However, the experimental primary creep data 
strongly suggest that a reformulation of the stress analysis using a 
flow stress concept could lead to an improved representation of 
plastic deformation conditions occurring during crystal growth. 
However, the creep data is still too incomplete at this time to 
justify a reformulation that would replace the adjustable parameters 
used in Table I by new ones. 
The temperature region between 8OOOC and 1200OC was found to be 
of particular concern in some of the later stress analyses involving 
transverse isotherm curvature effects, and thus a new approach to 
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obtaining constitutive law information there was started in the last 
stages of this contract. This involved measurement of stress 
relaxation at constant strain (sample displacement). A modified form 
of the four-point bending apparatus was again used. Although initial 
data have been obtained from these experiments, there was not time to 
examine them thoroughly to obtain information for stress analysis 
purposes before the termination of this contract. Details of this 
work are found in Appendix 111. 
b. EFG Ribbon Growth (A.A. Menna and M.P. Brodeur) 
Several EFG ribbon systems were operated in this 
program in order to provide experimental data in support for various 
aspects of the stress analysis. Efforts first were made to obtain 
detailed information on the ribbon temperature distribution 
encountered under different growth conditions in a given system, and 
with system afterheater region design modifications, as input data for 
the stress analysis, The experimental efforts in measurement of 
ribbon temperatures and associated finite element modeling of heat and 
mass transport (see also Section c below) provided information that 
allowed specification of ribbon temperature profiles with confidence 
that they were representative of those present in the EFG systems 
studied under actual operating conditions. However, efforts were not 
successful in finding design modifications that produced lower stress 
EFG material at high (2 2 cm/min) speeds. More details of this work 
are given next. 
During the course of the program, two approaches t o  obtaining 
information on temperature distributions in the growing sheet were 
tried o u t .  Conventional thermocouples were attached t o  strips of EFG 
ribbon by drilling a hole in the ribbon and gluing in the thermocouple 
tip with graphite paste. The thermocouple could then be easily 
lowered through the growth system and maps of the temperature field 
obtained. This technique provided useful information to within a few 
mm of the interface, where the resolution set by the finite size 
thermocouple bead limited the results. The second approach used a 
thermometer based on fiber optics 121. This method utilized optical 
f i b e r s  of high q u a l i t y  as  sensor elements. The aim was t o  des ign  high 
r e s o l u t i o n  sensor  t i p s ,  of t h e  order  of 10 m i l s  d iameter ,  which could 
provide informat ion  on a s c a l e  of t h e  order  of 0.25 mm, e i t h e r  through 
a contac t  o r  non-contact mode of measurement. 
A schematic of t h e  measurement system i s  shown i n  Fig.  7 .  A1,0, 
was used f o r  t he  high temperature region,  SiO, a t  lower temperatures .  
Acceptable s e n s i t i v i t i e s  (-4 mV/OC) were obta ined  i n  t h i s  way using a 
convent ional  photomul t i p l i e r  tube. A two-wavelength measurement was 
employed, using f i l t e r s  a t  0 .6  and 0.7 pm. C a l i b r a t i o n  curves up t o  
the  mel t ing  p o i n t  of s i l i c o n  were obtained.  However, some s t a b i l i t y  
problems were encountered t h a t  appeared t o  be a s soc ia t ed  wi th  probe 
t i p  degrada t ion  i n  t h e  furnace.  Also, t he re  were d i f f i c u l t i e s  i n  
mounting t h e  sensor  i n  t h e  complex growth system environment, and t h e  
sensor  was not  put  i n t o  use when it was demonstrated t h a t  t h e  
convent ional  thermocouple measurements combined wi th  q u a n t i t a t i v e  
modeling of t he  EFG growth systems provided acceptab le  temperature  
f i e l d  informat ion  f o r  t h e  s t r e s s  ana lys i s .  
In t he  search  f o r  low s t r e s s  EFG process  growth conf igu ra t ions ,  a 
number of mod i f i ca t ions  i n  a f t e r h e a t e r  design have been t e s t e d  i n  
Furnace 17,  where r ibbon has been grown a t  speeds from 0.6 t o  1.0 
cm/min. This slow growth speed range was chosen f o r  s eve ra l  reasons.  
F i r s t ,  i t  was decided t o  attempt t o  search f o r  parameters  t h a t  would 
produce EFG r ibbon wi th  much lower d i s l o c a t i o n  d e n s i t i e s  and examine 
how these  r e l a t e  t o  t h e  speed va r i ab le .  Also, t he  s i m p l i f i e d  des ign  
of t he  EFG system i n  t h i s  case (removal of t h e  co ld  shoe t y p i c a l l y  
used t o  enhance growth speed) would be a b e n e f i t ,  both f o r  s impl i fy ing  
t h e  s t r e s s  a n a l y s i s  and f o r  i n t e r p r e t a t i o n  of t h e  r e s u l t s  through 
replacement of a temperature p r o f i l e  with a r e h e a t  r eg ion  by one t h a t  
i s  monotonically decreasing.  The d i s l o c a t i o n  dens i ty  was used a s  the  
p r i n c i p a l  means t o  monitor progress  i n  reducing s t r e s s ,  a l though 
i n i t i a l  measurements of shee t  s t r e s s  using t h e  i n t e r f e r o m e t r i c  
technique developed a t  t he  Universi ty  of I l l i n o i s  gave a d d i t i o n a l  
s t r e s s  in format ion  i n  l a t e r  phases of t he  work. 
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The main f ind ings  
d i s l o c a  ti on d e n s i t y  i s  
f o r  t h e  present  growth mode were t h a t  t he  
considerably reduced f o r  t h e  5 cm wide r ibbon 
grown below 1 cm/min from t h a t  i n  t h e  more t y p i c a l  EFG m a t e r i a l  
produced a t  2 cm/min and above. 
1 x l o 5  and 1 x 106/cm', down by about an  o rde r  of magnitude. 
However, a cons iderably  l a r g e r  p o r t i o n  of t he  c r o s s  s e c t i o n  was 
almost " d i s l o c a t i o n  free",  i . e . ,  d e n s i t i e s  i n  the  range of 104/cma 
and below, and t h e r e  was evidence t h a t  Luders band formation was 
s i g n i f i c a n t l y  reduced. I n  severa l  growth runs,  t h e  r ibbon c ross  
s e c t i o n  showed no such h igh ly  d i s l o c a t e d  r eg ions  a t  a l l .  
The maximum d e n s i t i e s  were between 
It has not  been poss ib l e  t o  e s t a b l i s h  r e l a t i o n s h i p s  between 
changes o r  f u r t h e r  decreases  i n  d i s l o c a t i o n  d e n s i t y  and a f t e r h e a t e r  
r eg ion  design changes which were aimed a t  modifying t h e  post-grown 
cool ing  p r o f i l e  below about 1OOOOC. Same r ibbons  have been of 
remarkably low d i s l o c a t i o n  dens i ty ,  bu t  t h i s  has  occurred  r a t h e r  
randomly. This  r e s u l t  appears t o  be t i e d  more t o  contaminating 
impuri ty  v a r i a t i o n s  than  t o  s p e c i f i c  changes i n  cool ing  p r o f i l e .  
Also, no s i g n i f i c a n t  v a r i a t i o n s  i n  d i s l o c a t i o n  d e n s i t y  with growth 
speed over  t he  range 0 .6  t o  1.0 cm/min, or  wi th  dopant l e v e l  were 
observed i n  t h i s  system. 
The lower average d i s l o c a t i o n  d e n s i t i e s  f o r  t h i s  r ibbon a r e  
c o n s i s t e n t  with the  r e s u l t s  of r e s i d u a l  s t r e s s  measurements. These 
show among t h e  lowest s t r e s s e s  observed in EFG m a t e r i a l ,  wi th  maximum 
values  of 1-2 MPa, a s  compared wi th  about 5-10 MPa i n  r ibbon grown a t  
2 cm/min and above i n  o t h e r  EFG systems. 
It was concluded t h a t  a base l ine  th re sho ld  f o r  d i s l o c a t i o n  
d e n s i t i e s  of about lO5/cma i s  self i n  EFG m a t e r i a l  by i n t e r f a c e  r eg ion  
v a r i a b l e s  not  c o n s i s t e n t l y  or e a s i l y  con t ro l l ed ,  and t h a t  ope ra t ion  
i n  t h i s  slower growth speed range i s  most ins t rumenta l  i n  reducing 
l e v e l s  of d i s l o c a t i o n s  by an order  of magnitude from those t y p i c a l  i n  
growth a t  2 cm/min and above. The i n t e r f a c e  temperature  g rad ien t ,  
which u l t i m a t e l y  s e t s  t he  speed c a p a b i l i t y  of t h e  system, i s  
es t imated  t o  be s t i l l  high,  a t  about 10000C/cm, from temperature 
p r o f i l i n g  of t h e  system using a r ibbon with an a t t ached  thermocouple. 
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Even a t  t h i s  va lue ,  i t  i s  observed t h a t  t h e r e  a r e  l i m i t s  i n  t h e  range 
1.2 t o  1.4 cm/min on the  maximum growth speed t h a t  can e a s i l y  be sus- 
t a ined .  This l i m i t a t i o n  a r i s e s  mainly because of t he  need t o  c o n t r o l  
t h e  r ibbon ends, which a r e  much t h i c k e r ,  and hence have lower tempera- 
t u r e  grad ien ts .  Thus, a l though i t  would be d e s i r a b l e  t o  go t o  even 
lower tempera tar e g rad ien t  growth, t h i s  p r a c t i c a l  l i m i t  a ti on prevent  8 
i t  from being a v i a b l e  approach i n  EFG r ibbon systems i n  genera l .  
c .  TernDerature F i e l d  Modeling (R.O. B e l l ,  B.M. Ettouney) 
Information on r ibbon temperature  d i s t r i b u t i o n s  used 
f o r  t h e  s t r e s s  a n a l y s i s  was obta ined  through the  combination of two 
modeling schemes. A c a p a b i l i t y  f o r  p r e d i c t i n g  temperature  p r o f i l e s  i n  
a moving sheet  from measured system component temperatures  was 
developed a t  Mobil S o l a r  Ill. This  was s u c c e s s f u l l y  appl ied  t o  model 
t h e  10 cm EFG c a r t r i d g e  system wi th  co ld  shoes,  and a second 
experimental  EFG system f o r  5 cm wide r ibbon cons t ruc ted  t o  examine 
a s p e c t s  of a f t e r h e a t e r  design. D e t a i l s  of t h e  modeling scheme were 
p re sen ted  a t  a JPL Research Forum ( s e e  Ref. [31 i n  Appendix I) .  
The second approach u t i l i z e d  a f i n i t e  element scheme developed a t  
MIT ( s e e  Ref. [SI i n  Appendix I). The s o l u t i o n s  of the  coupled 
c a p i l l a r i t y  and h e a t  and mass t r a n s f e r  equat ions  were used t o  gene ra t e  
opera t ing  diagrams f o r  process  v a r i a b l e s  such a s  the  shee t  t h i ckness ,  
t h e  growth speed, and t h e  c a p i l l a r y  r i s e  he igh t .  These s o l u t i o n s  were 
capable  of p r e d i c t i n g  i n t e r f a c e  shapes i n  a d d i t i o n  t o  the  shee t  
temperature p r o f i l e s .  The i n t e r f a c e  shape and meniscus conf igu ra t ions  
were then used wi th  complete s o l u t i o n s  f o r  t h e  Navier-Stokes equat ions  
i n  t h e  d i e  and meniscus m e l t s  t o  s tudy impuri ty  segrega t ion .  Aluminum- 
doped 10 cm wide r ibbon was grown under known cond i t ions  f o r  t h i s  
s tudy.  Together wi th  experimentai  da t a  on t h e  th ickness-ve loc i ty  
r e l a t i o n s h i p s ,  t h e  seg rega t ion  da8a allowed t h e  model t o  be f i t  wi th  
only one ad jus t ab le  parameter,  t h e  d i e  temperature .  The r ibbon 
temperattue p r o f i l e s  der ived  from these  c a l c u l a t i o n s  were u n c e r t a i n  
only t o  the e x t e n t  of a l a c k  of knowledge concerning the  fundamental 
phys i ca l  cons tan ts  of s i l i c o n ,  e.g. , t he  thermal conduc t iv i ty ,  
emis s iv i ty  and t h e  s o l i d  o p t i c a l  abso rp t ion  c o e f f i c i e n t .  Addi t iona l  
d e t a i l s  on t h i s  work can be found i n  Refs. E31 and [SI i n  Appendix I. 
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The models f o r  t he  temperature f i e l d  were app l i ed  t o  i n v e s t i g a t e  
seve ra l  important e f f e c t s ,  i n  the one case t h a t  of imposing t r a n s v e r s e  
temperature  f i e l d  v a r i a t i o n s  i n  a growth system 141, and i n  s tudy of 
shee t  s t r e s s  s e n s i t i v i t y  t o  dynamic growth cond i t ion  changes and t o  t h e  
use of graybody and blackbody approximations t o  hea t  t r a n s f e r  [51 .  
B. Defect E l e c t r i c a l  Charac t e r i za t ion  
(C.E. Dub6 and D.B. Sandstrom) 
This  subtask on t he  study of e l e c t r i c a l  a c t i v i t y  of d e f e c t s  i n  
s i l i c o n  using t h e  e l e c t r o n  beam induced cu r ren t  ( E B I C )  mode of t he  SEM 
was undertaken t o  quan t i fy  d i s l o c a t i o n  recombination and t o  study t h e  
man i fe s t a t ions  of p l a s t i c  deformation by comparing d i s l o c a t i o n s  i n  
d e l i b e r a t e l y  s t r e s s e d  m a t e r i a l  and i n  EFG shee t .  I n i t i a l l y ,  t h i s  
r equ i r ed  development of q u a n t i t a t i v e  E B I C  a n a l y s i s  techniques f o r  
measurement of minori ty  c a r r i e r  d i f f u s i o n  l e n g t h  a t  high r e s o l u t i o n s  i n  
t h e  neighborhood of t h e  d i s l o c a t i o n  a s  we l l  a s  throughout 
inhomogeneously d i s l o c a t e d  a reas .  These techniques were then  used t o  
study d i s l o c a t i o n s  i n  FZ and CZ s i l i c o n  s t r e s s e d  i n  four-point bending 
throughout t h e  temperature region from 800 t o  14OOOC and t o  compare the  
r e s u l t s  t o  d i s l o c a t i o n  a c t i v i t y  i n  as-grown EFG mate r i a l .  D e t a i l s  of 
t h i s  work a r e  summarized below. 
1. E B I C  Mode Q u a l i f i c a t i o n  (with J.I. Banoka) 
Reproducib i l i ty  s t u d i e s  and c a l i b r a t i o n  of the  D I C  
measurement of minor i ty  c a r r i e r  d i f f u s i o n  l eng th  L were c a r r i e d  out on 
Schottky b a r r i e r s  i n  the  low i n j e c t i o n  mode wi th  e l e c t r o n  beam c u r r e n t s  
as low as  10-11 amp and a c a r r i e r  dens i ty  of t h e  order  of 10l'/cm-'. A 
c a l i b r a t i o n  scheme was s e t  up t o  permit  measurement of L with a high 
l e v e l  of abso lu t e  accuracy by c o r r e l a t i n g  t h e  E B I C  cu r ren t  I wi th  L 
measured by an independent method, t h e  i n f r a r e d  photovol tage method 
( IRPV) 161. 
obta ined  from measurements on cont ro l  samples i s  shown i n  F ig .  8. 
These samples were a l l  f r e e  of extended d e f e c t s  and thus t h e  
measurement i s  not  a f f e c t e d  by sample inhomogeneity. 
n 
n 
n 
The r e l a t i o n s h i p  between t h e  IRPV and EBIC va lues  of Ln 
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Fig. 8. Plot of I/qg vs. Ln for a 40 keV beam. Also shown 
are results ?or experimentally measured I/qgo and Ln. 
Here q is the electronic charge, go is a generation 
rate constant. 
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In orde r  t o  a l low q u a n t i t a t i v e  measurements of L t o  be made i n  
t h e  sample c ros s  sec t ion ,  t he  EBIC technique was extended t o  su r face  
b a r r i e r s  f a b r i c a t e d  on t h e  edge of wafers  t y p i c a l l y  300-400 pm i n  
th ickness ,  a s  i l l u s t r a t e d  i n  Fig. 9. Representa t ive  E B I C  l i n e  scans 
i n  a d i s l o c a t e d  carbon-rich CZ sample and i n  EFG m a t e r i a l  when viewed 
i n  c r o s s  s e c t i o n  a r e  given i n  F igs .  10,  11, and 12. This  technique 
of s tudying t h e  sample c r o s s  sec t ion  r e v e a l s  f o r  t h e  f i r s t  time t h e  
na tu re  of Ln inhomogeneities i n  t h e  bulk of t he  as-grown EFG shee t .  
Cont ras t  of t he  L va lues  measured i n  t h e  two o r i e n t a t i o n s  shown i n  
Fig.  9 o f t e n  r e f l e c t e d  t h e  inhomogeneity, a s  su r face  va lues  a s  h igh  
as 60-70 pm were obtained i n  some samples, while  those i n  the  c r o s s  
s e c t i o n  were much lower, perhaps 20-30 p~.  
n 
n 
2. An neal ing  S tud ie s  
The four-point bending method produces a convenient 
range of d i s l o c a t i o n  d e n s i t i e s  i n  each wafer,  wi th  d i s loca t ion - f r ee  
reg ions  o f t e n  remaining a t  t he  uns t r e s sed  ends of t h e  wafer. Af t e r  
t h e  h ighes t  temperature anneals (2 12OOOC) even these  d i s loca t ion -  
f r e e  reg ions  were degraded by the thermal t reatment  a lone,  and t h e  
d i s l o c a t i o n  e l e c t r i c a l  a c t i v i t y  was s tud ied  superimposed on t h i s  
background. FZ s i l i c o n  of non-detectable carbon and oxygen l e v e l s  
was compared t o  CZ s i l i c o n  of about 1 I 10la/cm’ i n t e r s t i t i a l  oxygen 
and vary ing  carbon l e v e l s  t o  examine t h e  impact of these  i m p u r i t i e s  
on t h e  d i f f u s i o n  l eng th  degradat ion and on t he  d i s l o c a t i o n  
recombination changes a f t e r  add i t iona l  pos t - s t r e s s ing  annea ls  a t  
525OC and a t  85OOC f o r  one hour. The e f f e c t  of t h e  thermal 
degrada t ion  a l s o  was s tud ied  sepa ra t e ly  by anneal ing samples i n  a 
double-walled qua r t z  tube furnace,  a s  compared t o  t h e  s t r e s s e d  
m a t e r i a l  which was produced i n  a r e g u l a r  c r y s t a l  growth furnace.  
Typical  r e s u l t s  f o r  FZ s i l i c o n  s t r e s s e d  a t  137OOC (e.g. ,  a s  i n  
Fig.  5 )  t h a t  i l l u s t r a t e  t he  t rends observed i n  d i f f u s i o n  l eng th  wi th  
d i s l o c a t i o n  dens i ty  and wi th  annealing a r e  given i n  F igs .  1 3  and 14. 
The d i f f u s i o n  l eng th  changed very l i t t l e  with d i s l o c a t i o n  dens i ty  i n  
samples hea t  t r e a t e d  and s t r e s sed  above 1200OC; compare Fig.  13 (b )  t o  
1 4 ( a ) .  This  sugges ts  t h a t  point d e f e c t s  dominate the  recombination 
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SURFACE BARRIER 
F i g .  9. Schematic illustrating EBIC technique application 
on sample cross section, 
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Fig. 13. EBIC l i n e  scans and photomicrographs of s t ressed FZ s i l i con :  
( a )  center sample #15C with N - 1 x 106/cm2; ( b )  end sample 
#15E with ND ‘c- 1 x 104/cm2. Pension surface i s  a t  r i g h t ;  
compression surface i s  a t  l e f t .  
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F i g .  14 .  EBIC l i n e  scans f o r  stressed FZ s i l i con  sample #17C i n  central  
h i g h  dis locat ion density (-1 x 107/cm2) region: 
point bending a t  137OOC; (b )  a f t e r  one-hour anneal a t  575OC; 
( c )  a f t e r  one-hour anneal a t  85OoC. 
( a )  a f t e r  four- 
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a f t e r  t h i s  treatment t o  p i n  t h e  d i f f u s i o n  l eng th  a t  t hese  low va lues ,  
and d i s l o c a t i o n s  have only a second o rde r  e f f e c t  i n  l i m i t i n g  t h e  
d i f f u s i o n  length.  S imi l a r  r e s u l t s  were obta ined  i n  t h e  CZ s i l i c o n  
wafers of v a s t l y  d i f f e r e n t  oxygen and carbon concen t r a t ions ,  i n d i c a t i n g  
t h a t  these  impur i t i e s  a l s o  have l i t t l e  impact on t h e  d i f f u s i o n  l eng th .  
The same r e l a t i o n s h i p s  a r e  observed a t  low temperatures.  F igures  14 (b )  
and ( c )  show t h a t  t h e r e  i s  l i t t l e  change i n  t h e  d i f f u s i o n  l eng th  a f t e r  
t h e  one-hour anneals a t  575OC and 850OC. 
In general ,  some i n c r e a s e s  were observed a f t e r  t he  575OC anneal,  
bu t  no t  t he  850OC anneal.  The CZ s i l i c o n  tended t o  be more 
inhomogeneous i n  d i s l o c a t i o n  d e n s i t y  and a l s o  not  a s  reproducib le  i n  
anneal response, a s  some l a r g e r  i nc reases  (e.g. ,  20 t o  40 pm) were 
observed i n  s e v e r a l  samples a f t e r  t he  one-hour anneal a t  575OC f o r  t h e  
l e s s  heavi ly  d i s l o c a t e d  reg ions .  
The anneal experiments were repea ted  i n  a double-walled qua r t z  
tube furnace under vacuum, and s i m i l a r  low (-10 pm) d i f f u s i o n  l e n g t h s  
were found a f t e r  a one-hour anneal a t  1200OC. It was concluded t h a t  no 
s p e c i f i c  impurity except poss ib ly  Fe was r e spons ib l e  f o r  t h e  d i f f u s i o n  
l eng th  degradation, bu t  t h a t  i t  l i k e l y  a r i s e s  mainly because of 
d i s s o c i a t i o n  of bulk  microdefec ts .  The d i s l o c a t e d  samples show t h a t  
t h e r e  a r e  no s t rong  g e t t e r i n g  processes  t ak ing  p l ace  i n  subsequent 
annea ls  which can r e s t o r e  the  d i f f u s i o n  l e n g t h  t o  t h e  as-grown v a l u e s  
of t h e  order of 150 pm. Again, t h e  presence of oxygen and carbon a s  
we l l  a s  of d i s l o c a t i o n s  does not  have a l a r g e  in f luence  on t h e  
recombination s i t e s  produced i n  these  samples. 
3. D i f fus ion  Length-Dislocation Dens i ty  C o r r e l a t i o n s  
The d i s l o c a t i o n  e l e c t r i c a l  a c t i v i t y  e f f e c t  on degrading 
d i f f u s i o n  length i n  t h e  s t r e s s e d  samples i s  superimposed on t h e  bu lk  
d i f f u s i o n  length degrada t ion  produced by t h e  h e a t  t rea tment  
accompanying t h e  four-point bending. Data obta ined  f o r  d i f f e r e n t  times 
and temperatures of s t r e s s  a p p l i c a t i o n  a r e  summarized i n  Fig.  15.  The 
t imes ind ica t ed  a r e  those f o r  which t h e  sample i s  under s t r e s s ,  and no t  
t h e  heat-up or cool-down times which a r e  t y p i c a l l y  one-half houz each. 
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The s lope of the  bes t  f i t  l i n e  connecting the  d i f f u s i o n  l eng th  a t  t he  
d i s l o c a t i o n  dens i ty  i s  somewhat d i f f e r e n t  f o r  t he  900°C a s  compared t o  
the  1000°C case,  but both a r e  c lose  t o  a square r o o t  dependence. 
The dependence of t he  d i f f u s i o n  l eng th  on d i s l o c a t i o n  d e n s i t y  f o r  
t he  FZ s i l i c o n  sample s t r e s s e d  a t  1000°C i s  compared i n  Fig.  16  t o  
r e l a t i o n s h i p s  compiled f o r  va r ious  o the r  s i l i c o n  m a t e r i a l s  and r epor t ed  
elsewhere [73.  A l l  these  da t a  a r e  d i s t ingu i shed  by t he  f a c t  t h a t  they 
f a l l  above the l i n e  f o r  which Ln i s  equal t o  t h e  average spacing 
between d i s loca t ions ,  represented  by the  s o l i d  l i n e  L 
Fig.  16.  This is  i n t e r p r e t e d  a s  s i g n i f y i n g  t h a t  t h e  dens i ty  of 
recombination s i t e s  a s s o c i a t e d  wi th  t h e  d i s l o c a t i o n s  i s  v a r i a b l e  from 
case t o  case and t h a t  a l l  s i t e s  a r e  not e l e c t r i c a l l y  ac t ive .  
-112 in 
= Nd n 
The i n t e r r e l a t i o n  between the  d i s l o c a t i o n  and p o i n t  de fec t  
l i m i t a t i o n s  on bulk  l i f e t i m e  i s  a l s o  ev ident  from Fig.  16.  A t  a g iven  
d i s l o c a t i o n  dens i ty ,  1 x 106/cmz, f o r  example, t h e r e  i s  no unique va lue  
f o r  Ln. 
types  of high speed-grown s i l i c o n  shee t ,  t o  above 150 p i n  t h e  b e s t  
q u a l i t y  s i l i c o n .  The l a t t e r  gene ra l ly  has a bulk d i f f u s i o n  l eng th  of 
c lose  t o  1 mm i n  d i s loca t ion - f r ee  reg ions  (LO), a s  compared t o  150-200 
pm in t h e  case of t h e  h ighes t  va lues  f o r  shee t  r epor t ed  on small  a r eas  
i n  CAST s i l i c o n  r ibbon.  
The l a t t e r  ranges from low va lues  of 20-30 p f o r  s eve ra l  
n 
The dis loca t ion- f ree  r eg ions  i n  the  FZ s t r e s s e d  f o r  105 seconds a t  
l O O O O C  had Li "100 pm, i n  comparison. 
curves  and the  d i s l o c a t i o n  dens i ty  a t  which apprec iab le  d e v i a t i o n s  from 
L O  a r e  produced by t h e  d i s l o c a t i o n s  a r e  a f u n c t i o n  of L:. From Fig.  1 5  
f o r  t he  s t r e s sed  FZ s i l i c o n ,  t he  th re sho lds  f o r  d i s l o c a t i o n  
recombination a r e  seen t o  vary from about 1 x 104/cm2 when LO -100 p 
t o  about 1 x 106/cm2 f o r  LO * 20 p. 
The s lopes  of t he  Ln vs.  Nd 
n 
n 
n 
None of t h e  a v a i l a b l e  da t a  f o r  o t h e r  s i l i c o n  as-grown m a t e r i a l  i s  
complete enough t o  accu ra t e ly  d e l i n e a t e  t h e  Ln vs.  Nd r e l a t i o n s h i p s  i n  
the  r eg ion  of i n t e r e s t  he re  of d i s l o c a t i o n  d e n s i t i e s  between 
1 x 104/cma t o  1 x lO'/crnz, and so they cannot be d i r e c t l y  compared t o  
the  s t r e s s e d  FZ s i l i c o n .  I n v e s t i g a t o r s  have taken  l i f e t i m e  t t o  be 
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i n v e r s e l y  propor t iona l  t o  N i n  s p i t e  of the  f a c t  t h a t  t he  da ta  i s  not  
accu ra t e  enough t o  warrant t h i s  assumption over l a rge  ranges of N i n  
j u s t  about a l l  cases .  
s t r e s s e d  FZ s i l i c o n  can be f i t  by Ln = CNd 
d 
d 
-112 
Nd 
. Our da ta  f o r  t he  -1/2 This  g ives  Ln - Nd 
, implying z - -1/ 4 
EBIC measurements of d i s l o c a t i o n  e l e c t r i c a l  a c t i v i t y  were 
I , c a r r i e d  out a t  high magni f ica t ion  on low r e s i s t i v i t y  m a t e r i a l .  As 
d i scussed  i n  Sec t ion  C below, i t  i s  observed t h a t  d i s l o c a t i o n  e t c h  p i t s  
i nc reased  s i g n i f i c a n t l y  i n  s i z e  a s  t h e  dopant concen t r a t ion  i s  
increased .  This  i s  the  case f o r  bo th  boron and gal l ium dopants.  EFG 
m a t e r i a l  with normal 5 0-cm r e s i s t i v i t i e s  w a s  t h e r e f o r e  compared t o  
0.2 0-cm r e s i s t i v i t y  m a t e r i a l  up t o  magn i f i ca t ions  of 10,OOOX on t h e  
b a s i s  of the p r o f i l e s  f o r  recombination c o n t r a s t  around d i s l o c a t i o n s .  
Thus, t he re  i s  t h e  sugges t ion  t h a t  t he  e l e c t r i c a l  a c t i v i t y  of t he  
creep-related d i s l o c a t i o n s  produced by s t r e s s  may d i f f e r  fandamentallv 
from t h a t  observed f o r  grown-in d i s l o c a t i o n s ,  as  represented  by the  
more l i n e a r  s lopes  of t he  o the r  da ta  i n  Fig.  16 f o r  as-grown m a t e r i a l .  
A p o s s i b l e  explana t ion  f o r  t h i s  d i f f e r e n c e  i s  t h a t  t h e  c reep- re la ted  
d i s l o c a t i o n  e l e c t r i c a l  a c t i v i t y  e f f e c t s  lead ing  t o  bu lk  d i f f u s i o n  
degrada t ion  a l s o  include c o n t r i b u t i o n s  from d i s l o c a t i o n  l'debrisll, i . e .  
p o i n t  defec t  agglomerates,  and a r e  p ropor t iona l  t o  t h e  t o t a l  a r ea  swept 
out by t he  d i s l o c a t i o n s  during the  creep process .  
E lec t ron  Paramagnetic Resonance (EPR) s i g n a l s  i n  d i s l o c a t e d  
s i l i c o n  have been a t t r i b u t e d  t o  such d e b r i s  [81, and i t  may be the  
f a c t o r  t h a t  c o n t r i b u t e s  t o  e l e c t r i c a l  a c t i v i t y  ou t s ide  of t he  
d i s l o c a t i o n  core reg ion  i t s e l f r  y e t  i s  d i r e c t l y  r e l a t e d  t o  the  
d i s l o c a t i o n  presence.  
4 .  Low R e s i s t i v i t y  Mater ia l  
Typical r e s u l t s  a r e  shown i n  Fig.  17. The l i n e  scans a c r o s s  t h e  
s i n g l e  d i s l o c a t i o n s  i n d i c a t e  t h a t  i n  a l l  ca ses  t h e  core  recombination 
r eg ion  i s  broadened s i g n i f i c a n t l y  f o r  t h e  low r e s i s t i v i t y  m a t e r i a l ,  
corresponding t o  the  l a r g e r  e t c h  p i t  s i z e .  The inc reases  i n  t h e  r eg ion  
of high recombination a s  w e l l  a s  i n  t h e  e t c h  p i t  s i z e  could thus  be 
r e l a t e d  t o  dopant accumulation around t h e  d i s l o c a t i o n  core.  This  da t a  
cannot d i s t i n g u i s h  between the  two p o s s i b l e  causes  f o r  t hese  e f f e c t s :  
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Fig. 17. E B I C  line scans o f  dislocations in high 
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e i t h e r  accumulation of dopant atoms themselves around the  d i s l o c a t i o n ,  o r  
an increase  i n  t h e  d i s l o c a t i o n  s t r a i n  f i e l d  produced by dopant atoms, 
which then would perhaps a t t r a c t  more m e t a l l i c  impur i t i e s .  
c. Low R e s i s t i v i t v  Sheet Q u a l i t v  S tud ie s  
(M.C.  C r e t e l l a ,  B.R. Bathey, and N.W. Marr) 
This subtask was undertaken wi th  the  purpose of s tudying causes  
of degradat ion of t he  e f f i c i e n c y  of non-single c r y s t a l  s i l i c o n  which 
occur with increas ing  base dopant l e v e l .  This  degrada t ion  i s  more severe 
i n  the  more h igh ly  defec ted  s i l i c o n  under cons ide ra t ion  f o r  t e r r e s t r i a l  
s o l a r  c e l l  manufacture than  i n  FZ s i l i c o n .  In t he  l a t t e r ,  maximum 
e f f i c i e n c i e s  a r e  t y p i c a l l y  r e a l i z e d  i n  the  range 0.3-0.5 Q-cm, below 
which Auger recombination s t a r t s  t o  be a major f a c t o r  i n  reducing 
performance. However, f o r  a m a t e r i a l  such as S i l s o  o r  EFG s i l i c o n ,  
s i g n i f i c a n t  degrada t ion  below optimum performance l e v e l s  achieved i n  the  
r e s i s t i v i t y  range 2-5 Q-cm s e t s  i n  a t  1 Q-cm. The degrada t ion  a t  h igher  
r e s i s t i v i t i e s  i s  more severe  i n  EFG m a t e r i a l  with a def i c i ency  i n  oxygen, 
and t h i s  d i f f e rence  can be e s s e n t i a l l y  e l imina ted  above 2 Q-cm wi th  use 
of a s i l i c a  c r u c i b l e  o r  by i n t r o d u c t i o n  of 0, i n  t h e  growth ambient. 
Although oxygen l e a d s  t o  improvements i n  e f f i c i e n c y  even a t  lower 
r e s i s t i v i t i e s ,  i t  i s  not  s u f f i c i e n t  t o  r a i s e  e f f i c i e n c i e s  above t h e  5% 
l e v e l  (no AB c o a t i n g ) .  The lower r e s i s t i v i t y  c e l l s  s u f f e r  both s h o r t  
c i r c u i t  cur ren t  and open c i r c u i t  vo l t age  degradat ion.  S imi l a r  r e s u l t s  
have been repor ted  f o r  c a s t  p o l y c r y s t a l l i n e  s i l i c o n ,  bu t  t he  
boron-defect-impurity i n t e r a c t i o n s  t h a t  may be r e spons ib l e  f o r  degrading 
c e l l  performance a r e  not  known. 
The work done on the  s tudy of low r e s i s t i v i t y  FBG m a t e r i a l  on t h i s  
program examined growth v a r i a b l e ,  phosphorus, boron and gal l ium dopant,  
and o the r  impuri ty  inf luence  on t h e  dens i ty  of four  types  of d e f e c t s  
commonly observed i n  as-grown ma te r i a l ;  d i s l o c a t i o n s ,  d i s t i n g u i s h e d  by 
S i r t l  e tching by t h e i r  r e g u l a r  geometric shape and r e l a t i v e l y  deep p i t ,  a 
small  shallow p i t  q u i t e  d i s t i n c t  from t h a t  of t h e  d i s l o c a t i o n ,  some- 
t imes r e f e r r e d  t o  as a saucer  p i t ,  and wing and l i n e  d e f e c t s ,  which 
may have extensions of t he  order  of 10 pm i n  c ros s - sec t iona l  e tch ing .  
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The e f f e c t s  of dopants on defec t  d e n s i t y  were f i r s t  examined i n  
5 cm wide r ibbon grown i n  t h e  EFG t e s t  system descr ibed  i n  Sec t ion  IIA2b 
above. No i d e n t i f i a b l e  v a r i a t i o n  of d i s l o c a t i o n  o r  o t h e r  e t ch  f e a t u r e s  
were observed i n  t h i s  m a t e r i a l ,  al though m a t e r i a l  inhomogeneity made it 
d i f f i c u l t  t o  o b t a i n  q u a n t i t a t i v e  r e s u l t s .  A very d e t a i l e d  study was 
made on boron-doped m a t e r i a l  grown a t  2 cm/min i n  an induct ion  hea ted  
furnace.  The e f f e c t s  of oxygen add i t ion  during growth through use of a 
s i l i c a  i n s t e a d  of a graph i t e  c ruc ib l e ,  and of adding Fe and Yo were a l s o  
inves t iga t ed .  The r e s u l t s  a r e  summarized i n  Table 11. The most 
s i g n i f i c a n t  f i nd ings  were t h a t  the d e n s i t y  of d i s l o c a t i o n  e t ch  p i t s  
counted i n  t h e  c ros s  s e c t i o n s  of r ibbon samples decreases  as a func t ion  
of i nc reas ing  impuri ty  concent ra t ion  f o r  both the  oxygen-lean case 
( g r a p h i t e  c r u c i b l e )  and the  oxygen-enriched case (SiO, c r u c i b l e ) :  a t  t he  
same time, however, t he  a rea  of the  e t ch  p i t  developed with the  s tandard  
S i r t l  e tchant  -- f o r  30 seconds a t  room temperature  -- i nc reases  wi th  
inc reas ing  dopant concent ra t ion .  
It i s  c l e a r  from these  data  t h a t  t h e  l f l i ne l f  d e f e c t s  occur 
s i g n i f i c a n t l y  i n  only one sample s e t  which i s  the  5 0-cm oxygen-lean 
m a t e r i a l .  S imi l a r ly ,  t he  ffshallow saucer  p i t s ”  occur i n  g r e a t e r  dens i ty  
over the  whole range of impurity concen t r a t ions  i n  t h e  oxygen-lean 
ma te r i a l .  These p i t s  may be r e l a t e d  t o  p o i n t  de fec t  c l u s t e r s  which a r e  
a sc r ibed  t o  the  shallow p i t s  observed i n  t h e  s w i r l  p a t t e r n s  i n  s i n g l e  
c r y s t a l  s i l i c o n .  
The lfwingft d e f e c t s  a r e  genera l ly  a s soc ia t ed  wi th  d i s l o c a t i o n  e t c h  
p i t s  but  a t  a lower dens i ty  by an o rde r  of magnitude. 
dens i ty  does no t  appear t o  show any c o n s i s t e n t  c o r r e l a t i o n  wi th  the  
impuri ty  l e v e l s  i n  e i t h e r  t he  oxygen-lean o r  the  oxygen-rich m a t e r i a l .  
The l lwiagf f  de fec t  
One of t he  more su rp r i s ing  r e s u l t s  ob ta ined  from t h e  d e t a i l e d  
a n a l y s i s  of de fec t  d e n s i t i e s  with changes i n  t o t a l  impurity added t o  
t h e  melt  dur ing  growth i s  t h a t  €or  t h e  cases  of d e l i b e r a t e  a d d i t i o n  of 
Fe and Mo impur i t i e s  ( see  Table I1 a l s o ) .  These l a r g e  inc reases  i n  
added impuri ty  do not  produce s i g n i f i c a n t  changes i n  de fec t  d e n s i t i e s  
i n  many of t h e  cases  examined. 
decreases  i n  d e n s i t i e s  of d i s l o c a t i o n s  and tfwingff d e f e c t s  f o r  t he  
Severa l  except ions  a r e  the  genera l  
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quar tz  crucible-grown (oxygen-rich) r ibbon,  where genera l  t r ends  
e s t a b l i s h e d  wi th  inc reas ing  boron l e v e l s  a r e  continued. In c o n t r a s t ,  
e s s e n t i a l l y  no changes i n  t h e  d e n s i t i e s  of t hese  two d e f e c t s  occur f o r  
t he  oxygen-lean r ibbon.  Of p a r t i c u l a r  i n t e r e s t  a r e  t h e  r e s u l t s  f o r  t h e  
shallow saucer  p i t s .  These comprise the  dominant e t c h  f e a t u r e ,  and it 
i s  s u r p r i s i n g  t h a t  t h e i r  d e n s i t i e s  a r e  not  a l t e r e d  i n  p ropor t ion  t o  t h e  
f a c t o r  of t e n  changes i n  t o t a l  added impuri ty .  One explana t ion  i s  t h a t  
t he  i r o n  and molybdenum, and perhaps even t h e  boron, do not  p e r t u r b  t h e  
po in t  de fec t  e q u i l i b r i a  andlor  nuc lea t ion  processes  r e spons ib l e  f o r  
these  microdefec ts  because they a re  s t i l l  governed by carbon or 
carbonloxygen e f f e c t s .  
Gallium-doped m a t e r i a l  has been grown over  a s i m i l a r  range of 
r e s i s t i v i t y  and impuri ty  condi t ions a s  t h e  boron-doped m a t e r i a l .  
Although a h igher  d i f f u s i o n  length (30-50%) was measured on t h e  
Ga-doped blanks,  t he  s o l a r  c e l l s  by our s tandard  process  d id  not  show 
any b e t t e r  performance than  E-doped m a t e r i a l .  Thus, s tandard  
process ing  techniques -- developed f o r  B-doped m a t e r i a l s  -- do not  
preserve  the  l i f e t i m e  advantage a s soc ia t ed  wi th  the  Ga-doping. 
Analysis  of t he  de fec t  concent ra t ions  i n  t h e  gallium-doped 
m a t e r i a l  i nd ica t ed  no cons i s t en t  t r ends  wi th  impuri ty  concent ra t ion .  
In genera l ,  a t  high r e s i s t i v i t i e s ,  > 1 a-cm, the  d i s l o c a t i o n  e t ch  p i t  
dens i ty  i s  about a f a c t o r  of t w o  lower than  t h a t  found f o r  B-doped 
m a t e r i a l  while  a t  low r e s i s t i v i t i e s ,  -0.2-0.6 Q-cm, the  e t ch  p i t  
dens i ty  i s  nea r ly  a f a c t o r  of th ree  g r e a t e r  f o r  t he  Ga-doped case.  
''Line" and flwingff d e f e c t s  occur more homogeneously and over t h e  whole 
range of doping concent ra t ions .  
uniformly g r e a t e r  by about an  order of magnitude f o r  t he  Ga-doped case.  
"Shallow saucer  p i t s "  appear t o  be 
D. Residual S t r e s s  Measurements (A. Andonian, S. Danyluk a t  U. of 
I l l i n o i s  (Chicago),  and L. B u c c i a r e l l i ,  MIT) 
Afte r  i t  was demonstrated t h a t  l a s e r  i n t e r f e romet ry  may be 
used t o  eva lua te  r e s i d u a l  s t r e s s  d i s t r i b u t i o n s  on a macroscopic s c a l e  
i n  CZ s i l i c o n  wafers ,  a p r o j e c t  was s t a r t e d  wi th  the  Un ive r s i ty  of 
I l l i n o i s  a t  Chicago t o  develop appropr ia te  mod i f i ca t ions  of t he  
technique so t h a t  i t  could be appl ied i n  t h e  case of r ec t angu la r  EFG 
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blanks. This offered several new challenges in that EFG material has 
more irregular dimensions, that include thickness nonuiformity and 
surface striations which produce deviations from flatness significant 
enough to complicate the fringe patterns generated. 
A shadow MoirB technique was found to be most suitable for 
measurement of residual stress in the EFG material. As part of this 
effort, an approach to relate redistributed stress in finite size 
blanks to the original stress distribution in a semi-infinite as-grown 
finite width sheet was developed at MIT. A paper attached as Appendix 
I1 gives a summary of the main results of this project. Other details 
may be found in the reports of subcontract No. 956053 of the Advanced 
Materials Research Task of the FSA Project of work carried out at the 
University of Illinois. 
111. CONCLUDING REMARKS 
E f f o r t s  were not successfu l  t o  f i n d  an opera t ing  frwindowff f o r  EFG 
s i l i c o n  shee t  growth t h a t  would allow growth speeds t o  exceed 2-3 
cm/min without  genera t ing  thermoelas t ic  s t r e s s  l e v e l s  t h a t  produce 
unacceptable  dev ia t ions  from f l a t n e s s ,  high r e s i d u a l  s t r e s s  and h igher  
de fec t  d e n s i t i e s .  However, considerable  progress  was made i n  the  
understanding of s t r e s s  generat ing mechanisms. This  w i l l  he lp  i n  
d i r e c t i n g  f u t u r e  research  and development work toward cons t ruc t ion  of 
lower s t r e s s  EFG systems, provided t h a t  growth speeds a r e  not  pushed 
above the  2 t o  3 cm/min range. 
Much of t he  d i f f i c u l t y  encountered i n  t h e  search  f o r  lower s t r e s s  
h iah  meed EFG growth conf igura t ions  ( i . e . ,  those allowing growth 
above 3 cm/min) was a genera l  lack of f l e x i b i l i t y  t o  make l a r g e  
modi f ica t ions  of t he  post-growth cool ing environment, such a s  d i c t a t e d  
by t he  s t r e s s  a n a l y s i s ,  without a concurrent  l o s s  i n  growth s t a b i l i t y .  
This  i n f l e x i b i l i t y  e s s e n t i a l l y  prevented v e r i f i c a t i o n  of a number of 
a s p e c t s  of t he  s t r e s s  a n a l y s i s  because only a very narrow range of 
growth condi t ions  was achievable i n  any one growth system. 
The s t r e s s  and temperature modeling c l e a r l y  demonstrated t h a t  
l a r g e  second d e r i v a t i v e s  i n  the  temperature p r o f i l e ,  hence high 
i n i t i a l  s t r e s s  l e v e l s ,  a r e  c lose ly  i n t e r r e l a t e d  wi th  high i n t e r f a c e  
temperature g r a d i e n t s ,  and t h a t  i t  i s  the  fundamental h e a t  t r a n s f e r  
cond i t ions  f o r  s i l i c o n  t h a t  do not allow f o r  e x t r a c t i o n  of t he  l a t e n t  
h e a t  of fu s ion  a t  r a t e s  g r e a t  enough t o  main ta in  growth speeds of 3 
cm/min and above without a l s o  producing the  high temperature p r o f i l e  
curva ture .  Then i t  becomes only a ques t ion  of how in t ense  i s  the  
c reep  t h a t  t akes  p l ace  i n  a very narrow reg ion  w i t h i n  about 5 mm of 
t h e  i n t e r f a c e :  This  c reep  prevents  c a t a s t r o p h i c  s t r e s s  l e v e l s  from 
be ing  reached very  quick ly  i n  the f i r s t  few cm of growth, so t h a t  
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buckl ing cannot occur.  This  i s  the  na tu re  of t he  Wreep l imi t a t ion l l  
t o  s i l i c o n  sheet  growth which i s  l i k e l y  t o  be gene r i c  t o  a l l  modes of 
' f ve r t i ca l "  pu l l i ng ,  i . e . ,  growth where t h e  l i qu id - so l id  i n t e r f a c e  i s  
perpendicular  t o  the  p u l l i n g  d i r e c t i o n  t o  w i t h i n  a few degrees.  
On the  o the r  hand, the  s t r e s s  a n a l y s i s  has  shown t h a t  
considerable  p o t e n t i a l  e x i s t s  t o  reduce s t r e s s  i n  EFG systems, 
provided growth speed i s  maintained below va lues  where the  
near- interface reg ion  creep l i m i t a t i o n s  a r e  f e l t .  This  i s  es t imated  
t o  be i n  the range of 2 t o  3 cm/min, depending on shee t  width and 
th ickness .  The p o t e n t i a l  t o  produce l a r g e  s t r e s s  reduct ions  wi th  
cool ing of the edge of the  shee t  wi th  r e spec t  t o  the  c e n t e r l i n e  i s  
demonstrated t o  e x i s t .  The q u a n t i t a t i v e  d e t a i l s  of t h e  s t r e s s  
reduct ions  depend on t he  creep r e l a x a t i o n ,  which i s  no t  known f o r  t h e  
temperature r eg ion  below 1200OC. I n i t i a l  measurements of s t r e s s  
r e l a x a t i o n  i n  s i l i c o n  of these  lower temperatures  have been obta ined  
and need t o  be formulated i n t o  a creep  law. 
The EBIC technique was s u c c e s s f u l l y  appl ied  t o  o b t a i n  a 
q u a n t i t a t i v e  eva lua t ion  of t h e  e f f e c t  of d i s l o c a t i o n  e l e c t r i c a l  
a c t i v i t y  l i m i t a t i o n  on minor i ty  c a r r i e r  d i f f u s i o n  length .  
Corre la t ions  between d i f f u s i o n  l eng th  and d i s l o c a t i o n  dens i ty  were 
obta ined  fo r  FZ s i l i c o n  s t r e s s e d  a t  s eve ra l  temperatures  above 800OC. 
b e s t  descr ibed  t h e  It was found t h a t  t h e  r e l a t i o n s h i p  Ln - Nd 
r e s u l t s .  This dependence i s  d i f f e r e n t  from the  r e s u l t s  given f o r  
as-grown d i s l o c a t i o n  e f f e c t s ,  where Ln - Nd -'I2. These r e s u l t s  
suggest  t ha t  t h e  e l e c t r i c a l  a c t i v i t y  of c reep- re la ted  d i s l o c a t i o n s  
inc ludes  e f f e c t s  from d i s l o c a t i o n  "debr i s"  t h a t  i s  c r e a t e d  i n  t h e  
creep process ,  and thus  t h e i r  e l e c t r i c a l  a c t i v i t y  a l s o  depends on t h e  
i n t e n s i t y  of t h e  creep,  namely the  a rea  swept out by the  d i s l o c a t i o n .  
-1/4 
Low r e s i s t i v i t y  EFG m a t e r i a l  was s t u d i e d  by examining de fec t  
dens i ty  and d i s l o c a t i o n  e l e c t r i c a l  a c t i v i t y  dependence on dopant 
concent ra t ion  f o r  boron and gall ium. The main f i n d i n g s  were t h a t  t he  
d i s l o c a t i o n  dens i ty  decreased with inc reas ing  dopant concen t r a t ion  but  
t h a t  e t c h  p i t  s i z e  increased .  The l a t t e r  e f f e c t  was cor robora ted  wi th  
EBIC c h a r a c t e r i z a t i o n ,  where the  reg ion  of h igh  recombination around 
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t he  d i s l o c a t i o n  was observed a l so  t o  increase  wi th  inc reas ing  dopant 
concent ra t ions .  Although as-grown d i f f u s i o n  l eng ths  f o r  gallium-doped 
EFG m a t e r i a l  were gene ra l ly  higher than  t h a t  f o r  boron dopant, in- 
c r eases  i n  s o l a r  c e l l  performance were not  obtained.  Some d i f f e r e n c e s  
i n  de fec t  d e n s i t i e s  between gall ium and boron dopant were observed. 
A shadow Moire technique of l a s e r  i n t e r f e romet ry  t o  measure 
r e s i d u a l  s t r e s s  i n  EFG mate r i a l  was developed i n  c o l l a b o r a t i o n  wi th  
t h e  Un ive r s i ty  of I l l i n o i s  (Chicago) and used t o  s tudy s t r e s s  
d i s t r i b u t i o n s  i n  10 cm x 5 cm samples. 
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APPENDIX I1 
Paper t i t l e d  "Residual S tres s  Measurement i n  S i l i c o n  Sheet by 
Shadow l o i r k  Interferometry" by Y. Kwon, S .  Danyluk, L. B u c c i a r e l l i ,  
and J . P .  Ka le j s .  
This  paper was presented a t  the  F i r s t  In ternat iona l  Symposium on 
Shaped Crysta l  Growth h e l d  i p  Budapest, Hungary, Ju ly  22-25, 1986, and 
publ i shed  i n  a Proceedings Volume of the  Journal of Crystal Growth. 
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Residual S t r e s s  Measurement i n  
S i l i c o n  Sheet by Shadow Moirk In te r fe rometry  
Y. Kwon and S. Danyluk 
Universi ty  of I l l i n o i s  a t  Chicago 
Chicago, I l l i n o i s  60680, U.S.A. 
Department of C i v i l  Engineering, Mechanics and Metallurgy 
L. B u c c i a r e l l i  
School of Engineer ing 
Massachusetts I n s t i t u t e  of Technology 
Cambridge, Massachusetts 02139, U.S.A. 
and 
J . P .  Kalejs 
Mobil Solar  Energy Corporat ion 
16 Hickory Drive 
Waltham, Massachusetts 02254, U.S.A. 
A shadow MoirB in te r fe rometry  technique has  been developed t o  
measure r e s i d u a l  s t r a i n  i n  t h i n  s i l i c o n  shee t .  The curva ture  of a 
segment of shee t  undergoing four-point bending is analyzed t o  inc lude  t h e  
a p p l i e d  bending moments, t h e  in-plane r e s i d u a l  stresses, and t h e  "end 
e f f e c t "  of t h e  shee t  s i n c e  i t  i s  of f i n i t e  length.  The technique i s  
a p p l i e d  t o  o b t a i n  r e s i d u a l  stress d i s t r i b u t i o n s  f o r  s i l i c o n  s h e e t  grown 
by t h e  Edge-def ined Film-f ed Growth technique. 
1. I n t r o d u c t i o n  
The Edge-defined Film-fed Growth ( E X )  tec..nique i s  c u r r e n t  y being 
used t o  produce s i l i c o n  shee t  for p h o t o v o l t a i c  a p p l i c a t i o n s .  Growth 
c o n d i t i o n s  such as t h e  temperature d i s t r i b u t i o n  i n  t h e  shee t  p lace  
c o n s t r a i n t s  on t h e  s h e e t  growth v e l o c i t y ,  i t s  th ickness ,  and width 
because nonuniform temperature  f i e l d s  produce in-plane and out-of-plane 
stresses i n  t h e  shee t .  Thermoelastic stress,  i f  s u f f i c i e n t l y  l a r g e ,  
l e a d s  t o  buckl ing dur ing  growth [ l ]  and t o  t h e  g e n e r a t i o n  of d i s l o c a t i o n s  
and permanent p l a s t i c  deformation [Z] . 
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Conventional t he rmoe las t i c i ty  theory has been used t o  p red ic t  s t a t i c  
s t r e s s  d i s t r i b u t i o n s  i n  long, t h i n  s t r i p s  of f i n i t e  width shee t  subjec ted  
t o  a nonuniform temperature d i s t r i b u t i o n ,  i n  o rde r  t o  s imula te  s t r e s s  
produced i n  s i l i c o n  shee t  during growth, w i th  use fu l  r e s u l t s  [31 .  
a n a l y s i s  has r ecen t ly  been extended t o  inc lude  t h e  e f f e c t s  of p l a s t i c i t y  
through incorpora t ion  of d i s l o c a t i o n  dynamics f o r  low s t r a i n  dev ia t ions  
from e l a s t i c i t y  141. 
r e s i d u a l  s t r e s s  of shee t  grown wi th  p l a s t i c  deformation, which i s  o f t e n  
found t o  be ope ra t ive  [ I ] .  A f u l l  s t eady- s t a t e  t reatment  of t he rmoe las t i c  
e f f e c t s  i n  t h i n  shee t  growth with p l a s t i c  deformation has been developed 
[Z], which r e l a t e s  r e s i d u a l  s t r e s s  t o  the  temperature  d i s t r i b u t i o n s  imposed 
on t h e  sheet  i n  growth and t o  c reep  behavior.  The r e s i d u a l  s t r e s s  
d i s t r i b u t i o n s  obtained from a l l  these  ana lyses  are those f o r  a 
semi- inf in i te  s h e e t ,  i . e . ,  a long segment of f i n i t e  width,  one end of which 
i s  a t  t h e  melting poin t  of s i l i c o n  and t h e  o t h e r  i s  a t  room temperature. 
This 
These models do not l ead  t o  c o r r e c t  p r e d i c t i o n s  f o r  
EFG s i l i c o n  shee t  of 5 cm width i s  o f t e n  processed i n t o  solar c e l l s  
by c u t t i n g  it i n t o  5 cm x 10 cm s h o r t e r  segments, or blanks.  
s e c t i o n i n g  r e l i e v e s  and r e d i s t r i b u t e s  grown-in r e s i d u a l  stress. 
Out-of-plane s t r e s s  most o f t e n  deforms t h e  blanks by t w i s t i n g .  In-plane 
r e s i d u a l  s t r e s s e s  promote slow c rack  growth o r  f a s t  f r a c t u r e  by t h e  
propagat ion of microcracks t h a t  occur i n  t h e  cu t  edges. 
measurement of t he  in-plane r e s i d u a l  stresses i n  s h o r t  s e c t i o n s  of shee t  i s  
a means by which information on s t r e s s e s  p re sen t  dur ing  growth can be 
obtained.  However, c a r e  must be taken  t h a t  t h e  e f f e c t s  of s t r e s s  
r e d i s t r i b u t i o n  in c u t t i n g  a re  taken i n t o  account i f  measured s t r e s s e s  i n  
t h e  cu t  s ec t ions  a re  t o  be compared t o  t h e  p r e d i c t i o n s  of t h e  s t r e s s  
a n a l y s i s  for  t h e  growing shee t .  
This  
The d e t e c t i o n  and 
In t h i s  paper,  w e  r e p o r t  on t h e  a p p l i c a t i o n  of a shadow Moire 
in t e r f e romet ry  technique f o r  the measurement of t he  in-plane r e s i d u a l  
s t r e s s e s  i n  s h o r t ,  t h i n  and f l a t  p l a t e s .  The technique i s  non-destruct ive 
and can be appl ied  t o  l a r g e  a reas  of EFG s i l i c o n  shee t  when e x t e r n a l  
deformation cannot be used t o  deduce t h e  in-plane r e s i d u a l  s t r e s s .  In  
Sec t ion  2 we desc r ibe  the  ana lys i s  t h a t  i s  used t o  o b t a i n  r e d i s t r i b u t e d  
s t r a i n  and s t r e s s  d i s t r i b u t i o n s  i n  t h e  f i n i t e  segment of a cu t  blank of 5 
cm wide shee t ,  and t h e  experimental  d e t a i l s  of t h e  measurement f o r  EFG 
m a t e r i a l .  Resul t s  on t h e  s t r e s s  d i s t r i b u t i o n s  measured i n  EFG s i l i c o n  
shee t  are r epor t ed  i n  Sec t ion  3. The technique l i m i t a t i o n s  and r e l a t i o n  
of measured s t r e s s e s  t o  growth v a r i a b l e s  a r e  examined i n  Sec t ion  4. 
2. Desc r ip t ion  of t h e  Technique 
The technique measures s t r a i n s  i n  s h o r t  segments of shee t  and use8 
an  a n a l y s i s  i nco rpora t ing  nonl inear  e l a s t i c i t y  theory t o  e x t r a c t  t h e  
r e s i d u a l  s t r e s s e s .  The a n a l y s i s  used t o  o b t a i n  r e s i d u a l  s t r e s s  has  been 
descr ibed  previous ly  151 ,  and i s  appl ied  he re  t o  t h e  case of a r ec t angu la r  
2 ( 5  x 10 cm 1 p l a t e  geometry typ ica l  of cut  blanks of s i l i c o n  shee t  grown 
a t  a 5 cm width.  
2.1. Analysis  
We cons ider  a t h i n ,  s h o r t ,  f l a t  p l a t e  whose width i s  ha l f  i t s  
l eng th ,  conta in ing  in-plane r e s idua l  s t r e s s e s  represented  by t h e  stress 
component U s h w n  i n  Fig.  1. These stresses must decrease t o  ze ro  a t  
t h e  ends i f  they are t o  be t r a c t i o n  f r e e .  The p l a t e ,  by n e c e s s i t y ,  must 
c o n t a i n  a "shear flow" t h a t  compensates f o r  t h i s  decrease of t h e  in-plane 
r e s i d u a l  s t r e s s e s .  This  i s  the  s t r e s s  component u . We take  f o r  t h e  
xx ' 
X y  
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st ress  c a l c u l a t i o n  a shear  flow t h a t  i s  l i n e a r  a long t h e  l e n g t h  of t h e  
p l a t e  and apply a known bending moment t o  t h e  p la te .  We can then  c a l c u l a t e  
t h e  p l a t e  d e f l e c t i o n  a s  a f u n c t i o n  of i t s  geometry and f l e x u r a l  r i g i d i t y ,  
t h e  appl ied bending moment and r e s i d u a l  stresses.  We have c a r r i e d  out  t h i s  
a n a l y s i s  fo r  t h e  geometry shown i n  Fig. 2 151 with  governing equat ions  f o r  
t h e  curva ture  when t h e  p l a t e  i s  i n  in-plane t e n s i o n  and compression 
(represented by PI : 
n 
in-plane t e n s i o n  P AP - w  + - ( x  - Lxo) - -  - - - -  dLw 
dx 2 D D  2D o 
'L 
in-plane compression 2 AP ( x  - Lxo) - -  dLw - - - + - w - -  M P  2 D D  2D o dx 
(1) 
( 2 )  
where M i s  t h e  a p p l i e d  bending moment, D i s  t h e  f l e x u r a l  r i g i d i t y  
(D = Eh b/12(1 - v 1, E i s  Young's modulus, V is  Poisson ' s  r a t i o ,  h *is t h e  3 2 
th ickness ;  b i s  t h e  width,  L i s  t h e  l e n g t h ,  and w i s  t h e  measured 
2 d e f l e c t i o n  o f  t h e  p l a t e  a t  xo. The c u r v a t u r e  i s  d w/dx2 = 2A ( t o  be 
determined exper imenta l ly)  i f  t h e  d e f e c t i o n  i s  assumed t o  be polynomial 
(w = Ax2 + Bx + C). E = 165 GPa and v = 0.3 were used h e r e  f o r  stress 
c a l c u l a t i o n s .  
A method h a s  been developed t o  r e l a t e  t h e  r e s i d u a l  stress 
d i s t r i b u t i o n  i n  a s e m i - i n f i n i t e  s h e e t  of n a t u r a l  width of 5 cm,  such as 
p r e d i c t e d  by f i n i t e  element a n a l y s i s  [ 2 ] ,  t o  t h e  r e d i s t r i b u t e d  stress i n  
t h e  5 x 10  cm blank t o  be measured which is cu t  from t h i s  shee t .  The 
approach used i s  similar t o  t h a t  p resented  by Horvay [ 6 1 .  Details of t h i s  
a n a l y s i s  as  a p p l i e d  t o  t h e  geometry of i n t e r e s t  h e r e  i s  given elsewhere 
171. 
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The s t a r t i n g  p o i n t  of t h e  a n a l y s i s  i s  a n  a r b i t r a r y  stress 
d i s t r i b u t i o n  uxx(y> i n  a semi- inf in i te  shee t  of width b ,  an example of 
which i s  presented i n  Fig.  3. When a s h o r t  segment of length  L i s  cu t  out 
of t h e  s e m i - i n f i n i t e  s t r i p ,  the i n t e r i o r  of t h i s  segment i s  s t i l l  subjec ted  
t o  t h e  i n i t i a l  d i s t r i b u t i o n  i n  t h e  uncut segment. To account f o r  t h e  
c r e a t i o n  of t h e  f r e e  ends i n  the f i n i t e  l e n g t h  p i e c e ,  a s t ress  d i s t r i b u t i o n  
equal  and oppos i te  t o  t h e  i n i t i a l  r e s i d u a l  s t r e s s  d i s t r i b u t i o n  must be 
superimposed a t  each end. The s o l u t i o n  t o  t h i s  s t ress  boundary va lue  
problem, superimposed on t h e  o r i g i n a l  r e s i d u a l  s t ress  s t a t e ,  g i v e s  t h e  
s t ress  d i s t r i b u t i o n  i n  t h e  c u t ,  f i n i t e  shee t  segment. 
The predic ted  r e d i s t r i b u t e d  stresses a r e  g iven  i n  Fig. 4 f o r  a 
s e c t i o n  of a cu t  blank of length t o  width r a t i o  L/b = 2 f o r  an i n i t i a l  
s t ress  d i s t r i b u t i o n  as shown i n  Fig.  3. An important r e s u l t  f o r  t h e  stress 
measurements i s  t h a t  t h e  shear  flow s t r e s s  component u obta ined  does no t  
depar t  markedly from t h e  form taken previously f o r  t h e  c a l c u l a t i o n  of t h e  
stress d i s t r i b u t i o n  from t h e  s t r a i n  [ 5 ] .  Q i s  i d e n t i c a l l y  zero  on t h e  
blank c e n t e r l i n e  (Fig.  4 a ) ,  and h a s  a p p r e c i a b l e  non-zero v a l u e s  s t a r t i n g  a t  
a d i s t a n c e  of about one blank half-width from t h e  end f o r  t h e  blank 
i n t e r i o r  (y /b  = 0.51 ,  as i n  Fig. 4b. As p a r t  of t h e  s t r e s s  r e d i s t r i b u t i o n  
a t  t h e  blank end, t h e  uxx decreases  t o  z e r o  w h i l e  u 
comparable t o  t h e  maximum amplitude f o r  uxx i n  t h e  blank before  c u t t i n g .  
The Q d i s t r i b u t i o n  a c r o s s  t h e  width a t  t h e  blank end i s  shown t o  be q u i t e  
complicated [ 7 1  and t h e  shear  flow i n  genera l  w i l l  be a f u n c t i o n  of t h e  
i n i t i a l  uxx d i s t r i b u t i o n  and of L/b. 
un i ty  and below, t h e  end e f f e c t s  s ta r t  t o  decrease t h e  maximum s t r e s s e s  i n  
t h e  blank t o  s i g n i f i c a n t l y  below those found i n  t h e  uncut s t r i p .  
p resent  technique measures u only.  
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2.2. Experimental Details  
The experimental  technique c o n s i s t s  of bending a 5 x 10 cm EFG 
blank i n  a four-point bend appara tus ,  measuring t h e  bending moment by a 
load c e l l  and record ing  s u r f a c e  f r i n g e s  produced through an o p t i c a l  g r a t i n g  
i l l u m i n a t e d  by a n  He-Ne l a s e r  (Fig.  2 ) .  The g r a t i n g  has  8 l i n e s  per  mm. A 
2.2 kg load  i s  a p p l i e d  f o r  t h e  d a t a  taken here.  The sur face  image c o n t a i n s  
f r i n g e s  caused by t h e  i n t e r f e r e n c e  of t h e  g r a t i n g  and t h e  shadow (shadow 
Moire technique) .  The d e n s i t y  and spacing of t h e  f r i n g e s  form a 
topographic  map of t h e  sample. Thei r  c o n t r a s t  i s  enhanced by applying a 
t h i n  c o a t i n g  of p a i n t  t o  t h e  as-grown EFG blank sur face .  A cubic  s p l i n e  
technique i s  used t o  genera te  an a n a l y t i c  e x p r e s s i o n  f o r  t h e  c u r v a t u r e  a t  
each poin t  on t h e  sample. This  measured c u r v a t u r e  i s  compared t o  t h e  
c u r v a t u r e  t h a t  i s  expected when t h e r e  are no in-plane r e s i d u a l  stresses i n  
t h e  s h e e t  ( i . e . ,  d w/dx2 = -M/D). 
t h i s  a n a l y t i c a l l y  der ived  c u r v a t u r e ,  then t h e  in-plane r e s i d u a l  stresses 
must be compressive and Eq. ( 2 )  i s  used t o  so lve  f o r  P. I f  t h e  converse i s  
t r u e ,  then  Eq. ( 1 )  i s  used t o  o b t a i n  P. 
2 I f  t h e  measured c u r v a t u r e  i s  l a r g e r  than  
3.  R e s u l t s  
This  technique has been appl ied  t o  o b t a i n  s t r e s s  i n  5 cm wide EFG 
s h e e t  grown a t  two d i f f e r e n t  speeds.  F igures  5 and 6 show in te r fe rograms 
and t h e  in-plane r e s i d u a l  stress d i s t r i b u t i o n s  a t  s e v e r a l  s e l e c t e d  
p o s i t i o n s  i n  a s e c t i o n  of s h e e t  10 cm i n  l e n g t h  c u t  along t h e  growth 
d i r e c t i o n .  
r e s i d u a l  s t r e s s e s  i n  t h e  lower h a l f  are approximately 2 MPa w h i l e  t h e  high 
stress sample grown a t  V = 2 cm/min c o n t a i n s  a maximum r e s i d u a l  stress of 
approximately +5 MPa i n  t h e  c e n t e r  and -8 MPa a t  t h e  o u t e r  edge. 
The low stress sample grown a t  V = 1 cm/min shows t h a t  t h e  
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An example of an extended map of t h e  r e s i d u a l  s t r e s s e s  i n  a 2 . 5  cm x 
2 .5  cm s e c t i o n  of a 5 cm x 10 crn blank ad jacen t  t o  t h e  c e n t e r l i n e  x = L/2 
i s  shown i n  Fig. 7 .  This i n d i c a t e s  a maximum t e n s i l e  s t r e s s  o f - 8  MPa i n  
t h e  c e n t e r  and a compressive s t r e s s  of -8 MPa a t  the  ou te r  per iphery of t he  
blank.  
4. Discussion 
2 The measured s t r e s s  d i s t r i b u t i o n s  i n  t h e  5 x 10 cm EFG blanks,  
r ep resen ted  by the  da ta  of Figs .  5-7, e x h i b i t  genera l  f e a t u r e s  of those  
p r e d i c t e d  by f i n i t e  element analysis of s t eady- s t a t e  EFG s i l i c o n  shee t  
grown under cond i t ions  of in tense  c reep  121, vhich  are of t h e  form shown i n  
Fig. 3.  However, they d i f f e r  q u a l i t a t i v e l y  from those p red ic t ed  f o r  
cond i t ions  of mild c reep  o r  on the b a s i s  of t h e  thennoe la s t i c  theory alone.  
These d i f f e r e n c e s  warrant  a more d e t a i l e d  i n s p e c t i o n  of t h e  experimental  
r e s u l t s ,  and of poss ib l e  l i m i t a t i o n s  of t h e  s t r e s s  measurement technique 
f o r  t h e  present  app l i ca t ion .  
Inhomogeneities i n  EFG mate r i a l  d i s l o c a t i o n  d i s t r i b u t i o n s  [81 
i n d i c a t e  t h a t  uniform s t r e s s  r e l a x a t i o n  does not  take p lace  i n  growth. The 
ex ten t  of t he  nonuniformity i s  best  i l l u s t r a t e d  by the  d e t a i l e d  mapping i n  
Fig.  7. 
t h e  stress analysis of s teady-s ta te  s emi - in f in i t e  shee t  growth, but t h e  
v a r i a t i o n s  along t h e  growth d i r e c t i o n  (XI a r e  ou t s ide  of t h e  scope of t h i s  
a n a l y s i s .  The observed v a r i a t i o n  can be accounted f o r  by nonuniform creep.  
I f  s t r e s s  r e l i e f  by i n t e n s e  creep a t  a g iven  t r ansve r se  (y> l o c a t i o n  i n  t h e  
growing shee t  i s  accompanied by r ap id  r e d i s t r i b u t i o n  of t h e  s t r e s s e s ,  t h e  
new d i s t r i b u t i o n  w i l l  lead t o  subsequent c reep  not  p red ic t ed  by t h e  
The v a r i a t i o n s  a c r o s s  the width ( y >  a r e  expected on t h e  b a s i s  of 
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s teady-s ta te  a n a l y s i s  121. Such r e d i s t r i b u t i o n  could be t r i g g e r e d  by 
thermoelas t ic  s t r e s s  l e v e l s  t h a t  exceed t h e  upper y i e l d  s t ress  and produce 
r a p i d  d i s l o c a t i o n  m u l t i p l i c a t i o n ,  hence f a s t  s tress r e l i e f ,  i n  a l o c a l i z e d  
a r e a  i n  which t h e  m a t r i x  i s  very s u s c e p t i b l e  t o  these  processes  of s t r e s s  
r e l i e f .  The r e d i s t r i b u t i o n  of s t resses  accompanying t h i s  stress r e l i e f  
could then tend t o  s h i e l d  nearby reg ions  from undergoing s imilar  i n t e n s e  
c reep  r e l a x a t i o n  u n t i l  a s u f f i c i e n t  a d d i t i o n a l  s e c t i o n  of t h e  shee t  i s  
formed t o  aga in  b u i l d  up high stresses. 
The d a t a  of Figs.  5 and 6 i n d i c a t e  t h a t  r e s i d u a l  s t ress  l e v e l s  are  
g r e a t e r  a t  t h e  h igher  growth speed. General ly ,  t h e  post-grown cool ing  
p r o f i l e  i s  a d j u s t e d  so as t o  i n c r e a s e  t h e  i n t e r f a c e - r e g i o n  temperature  
g r a d i e n t  i n  o r d e r  t o  ensure  t h a t  a c c e p t a b l e  growth s t a b i l i t y  i s  maintained 
a s  speed is r a i s e d .  The i n c r e a s e s  i n  r e s i d u a l  s t r e s s  observed a re  probably 
a consequence of a s s o c i a t e d  i n c r e a s e s  i n  temperature  f i e l d  nonuni formi t ies  
which lead t o  h igher  thermoelas t ic  stress l e v e l s .  
The q u a n t i t a t i v e  p r e d i c t i o n s  of s t ress  measurement made on EFG s h e e t  
must be t r e a t e d  w i t h  some caut ion.  A l i n e a r  approximation f o r  t h e  shear  
flow i s  used i n  t h e  stress c a l c u l a t i o n s ,  s i n c e  t h e  form of u i n  Fig. 4 is  
not  k n w n  a p r i o r i .  The blanks a r e  not of a r e g u l a r  geometry and a l s o  are  
no t  s i n g l e  c r y s t a l .  Each of t h e s e  f a c t o r s  i n t r o d u c e s  u n c e r t a i n t y  i n  t h e  
a b s o l u t e  s t r e s s  determinat ions.  The problems c r e a t e d  by i r r e g u l a r i t i e s  i n  
s u r f a c e  topology a r e  ev ident  i n  t h e  in te r fe rograms of Figs.  5 and 6. The 
f r i n g e s  would be r e g u l a r l y  spaced f o r  a f l a t  s u r f a c e ,  and t h e  d e v i a t i o n s  
shown t h e r e  impact on a c c u r a t e  f r i n g e  spac ing  measurenents,  hence s t r a i n  
and s t ress  determinat ion.  Non-flatness a l s o  prec ludes  use of f i n e r  o p t i c a l  
X y  
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g r a t i n g s ,  which could i n c r e a s e  the r e s o l u t i o n  below t h e  l e v e l  of 0.2 t o  0.4 
MF'a es t imated  f o r  t h e  present  measurements. The blank a l s o  o f t e n  i s  
nonuniform i n  t h i c k n e s s  [ l ] .  Since th ickness  e n t e r s  t o  t h e  t h i r d  power i n  
t h e  c a l c u l a t i o n  of D i n  Eqs. (1) and (21, very a c c u r a t e  l o c a l  measurements 
of t h i c k n e s s  a r e  requi red  i n  order t o  keep e r r o r s  i n  t h e  stress small. 
F i n a l l y ,  t h e  technique does n o t  take i n t o  account a n i s o t r o p i e s  i n  E and v 
which a r e  present  i n  non-single c r y s t a l  specimens such a s  t h e  EFG m a t e r i a l .  
These c o n s t a n t s  vary s i g n i f i c a n t l y  as a f u n c t i o n  of c r y s t a l  o r i e n t a t i o n  i n  
s i l i c o n  [ 9 ] ,  by as much as a f a c t o r  of two i n  some cases. EFG material  
s u r f a c e  o r i e n t a t i o n  i s  c l o s e  t o  (110), however, and c o n s i s t s  mainly of 
twinned r e g i o n s  t h a t  only devia te  by 10-15' on average from <110>. 
Anisot ropies  i n  E and V are  no t  as severe  around <110> as i n  o t h e r  
d i r e c t i o n s .  
The d i s t r i b u t i o n s  obtained f o r  EFG s i l i c o n  s h e e t  i n  Figs.  5-7 are 
q u a l i t a t i v e l y  s imilar  t o  r e s u l t s  r e p o r t e d  f o r  s i l i c o n  r ibbon grown by t h e  
Edge S t a b i l i z e d  Ribbon (ESR) technique, where t h e  s t ress  measurements were 
made us ing  a method u t i l i z i n g  i n f r a r e d  b i r e f r i n g e n c e  [ l o ] .  
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Figure Capt ions 
Fig. 1. I d e a l i z e d  r e s i d u a l  s t r e s s  r e p r e s e n t a t i o n  i n  a t h i n  p l a t e  
conta in ing  a heterogeneous in-plane stress. 
Fig. 2 .  Schematic of t h e  experimental  arrangement used i n  t h e  shadow 
Moire i n t e r f e r o m e t r i c  technique of r e s i d u a l  stress 
measurement. 
Fig.  3. Residual s t ress  d i s t r i b u t i o n  i n  s e m i - i n f i n i t e  r ibbon used i n  
c a l c u l a t i o n  of end e f f e c t s .  t~ and u a r e  i d e n t i c a l l y  zero.  
Y Y  xy 
Fig. 4. Residual stress component v a r i a t i o n s  in t h e  growth d i r e c t i o n  
(a )  a long  t h e  b l a n k ' c e n t e r l i n e  (y = 0 )  and ( b )  half-way t o  t h e  
blank edge (y/b = 0.5) f o r  a f i n i t e  segment of r ibbon cu t  from 
a semi- inf in i te  sheet w i t h  r e s i d u a l  stress as in Fig. 3. 
Fig.  5 .  Shadow Moire interferogram and in-plane r e s i d u a l  stress 
component Uxx f o r  EFG s h e e t  grown a t  1 cm/min. 
Fig.  6 .  Shadow Moirg interferogram and in-plane r e s i d u a l  s t ress  
component uxx f o r  EFG s h e e t  grown a t  2 cm/min. 
Residual stress d i s t r i b u t i o n  i n  quadrant of 5 x 10 em2 blank 
of EFG s h e e t  grown a t  2 cm/min. 
Fig.  7. 
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S t r e s s  Relaxat ion Measurements 
(A.A. Menna, M.P. Brodeur) 
The c reep  response of s i l i c o n  shee t  grown a t  high s,eeds h b 1 
approximated by a c o n s t i t u t i v e  r e l a t i o n s h i p  t h a t  i s  der ived f o r  
s teady-s ta te  (secondary) creep,  and which does not  proper ly  r ep resen t  
p l a s t i c  deformation during growth. T rans i en t  (primary) c reep  s t u d i e s  
i n  t h i s  program have shown t h a t  s t r e s s  r e l a x a t i o n  above l O O O O C  f o r  t h e  
i n i t i a l  s t a g e s  of creep wi th  loading t imes as s h o r t  as 10 seconds and 
d i s l o c a t i o n  d e n s i t i e s  l e s s  than about 1 x lO7/cm2 proceeds a t  r a t e s  
s eve ra l  o rde r s  of magnitude g rea t e r  than  those used f o r  the  modeling 
s t u d i e s .  It i s  thought t h a t  the c o r r e c t  form of a c o n s t i t u t i v e  
r e l a t i o n s h i p  f o r  creep should r e f l e c t  s t r e s s  r e l a x a t i o n  a t  cons tan t  
s t r a i n ,  which i s  not  measured i n  e i t h e r  of the  above s i t u a t i o n s .  The 
appara tus  t h a t  was designed t o  allow measurement of s t r e s s  r e l a x a t i o n  
i n  s i l i c o n  above 7OOOC was suggested by D r .  M. Leipold,  and i s  based on . 
an ASTM 328-78 s tandard  f o r  such t e s t i n g ,  adopted f o r  use i n  t h e  
a v a i l a b l e  c r y s t a l  growth Furnace 17 .  
A schematic of t h e  equipment t h a t  was used i s  shown i n  Fig.  Al. 
The sample i s  loaded i n  a holder  which is i n  a l l  r e s p e c t s  s i m i l a r  to '  
t he  one used i n  four-point bending t e s t s .  
t o  load the  sample and t o  hold  i t  a t  a cons tan t  d e f l e c t i o n  whi le  a load  
c e l l  monitors t h e  s t r e s s  l e v e l  i n  t h e  sample. Thus, t he  information 
obtained i s  i n  t h e  form of the  time r a t e  of change of s t r e s s ,  au / a t ,  a t  
cons tan t  s t r a i n  e .  A number of improvements i n  assembly and 
experimental  technique over t he  four-point bending appara tus  have been 
incorpora ted .  
movable s e c t i o n s  a t  t h e  base for  easy sample se tup .  Shielded 
thermocouples measure t h e  temperature a t  two loca t ions .  
feeds  a r e  machined d i r e c t l y  i n t o  t h e  f i x t u r e  t o  ensure proper  flow over 
t h e  sample. 
displacement t ransducer  i s  counterbalanced t o  prevent  a d d i t i o n a l  
loading of t h e  sample. 
load c e l l  measuring load  output .  
However, p rov i s ion  i s  made 
The a l l -g raph i t e  components a r e  pinned toge the r  w i th  
Argon gas 
A c e n t r a l  rod used t o  measure the  d e f l e c t i o n  by way of a 
Loading i s  made by the  Furnace 17 p u l l e r  wi th  a 
A l l  t he  samples used i n  the s t r e s s  r e l a x a t i o n  measurements 
r epor t ed  he re  were (111) surface t h r e e  inch diameter  FZ s i l i c o n  wafers  
i n  the  as-received s t a t e ,  t h a t  is, with  one su r face  po l i shed  (p laced  up 
o r  i n  compression) and t h e  other  rough. The wafers were cut  i n t o  5 cm 
wide and approximately 7.5 cm long r e c t a n g l e s  o r i e n t e d  along <123> i n  
t h e  long d i r e c t i o n  which was then loca ted  perpendicular  t o  t h e  bending 
a x i s ,  a <111) d i r e c t i o n .  The s t r e s s e s  by which the  experimental  d a t a  
a r e  cha rac t e r i zed  r e f e r  t o  the  sur face  f i b e r  s t r e s s  (os) and s t r a i n  
( e s )  given by 161: 
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where the  e l a s t i c  l i m i t  (n = 1) and l i n e a r  s o l i d  r e p r e s e n t a t i o n s  a r e  
used, r e s p e c t i v e l y .  
loading cond i t ions  a t  time z = 0 ,  and a r e  reasonable  parameters w i th  
which t o  c h a r a c t e r i z e  the  da ta .  For the  samples used, t h e  width 
W = 4.98 cm, the  th ickness  t = 0.0381 cm, L = 5 cm, and 1 = 1.25 cm. 
The moment M = F1, where F i s  half  t he  app l i ed  load  on t h e  sample. 
The ca l cu la t ed  us and e s  r ep resen t  t h e  i n i t i a l  
The s t r e s s  and s t r a i n  parameters appropr i a t e  t o  the  da t a  presented  
i n  F ig .  A2 a r e  given below f o r  the four  temperatures  a t  which 
measurements were taken: 
Table Al. S t r e s s / S t r a i n  Data f o r  Relaxa t ion  Experiments. 
Nominal Values Measured Values 
em (MPa 1 cm E a T (OC) ca (MPa) 6 (mm) 
600 60 1.22 7.4 x 10-4 
800 60 1.22 7.4 
90 1.83 11.0 
1000 30 0.30 1.9 
60 (2s) 1.22 7.4 
60 (10s) 1.22 7.4 
90 1.83 11.0 
1200 30 0.30 1.9 
60 1.22 7.4 
45 
50 
75 
17 
60 
50 
70 
17 
35 
5.6 x 10-4 
6.3 
9.3 
1.0 
7.4 
6.3 
8.7 
1 .o 
4.3 
The nominal s e t  of va lues  f o r  G 
sample because it was found t h a t  it was not  a s t r a igh t fo rward  t a s k  t o  
s e t  the  r e fe rence  po in t  of t he  displacement micrometer t o  ob ta in  a 
pre-se lec ted  s t r e s s  and s t r a i n .  The appara tus  and sample expanded i n  
hea t ing  up, and t h i s  changed the displacement d i s t a n c e  cons iderably  
from t h a t  s e t  a t  room temperature. The fol lowing procedure was 
t h e r e f o r e  adopted. A c a l i b r a t i o n  was made t o  o b t a i n  the  appl ied  
load/displacement  r e l a t i o n s h i p  of t h e  appara tus  a t  room temperature.  A 
s i l i c o n  wafer i d e n t i c a l  t o  those used i n  t h e  bending experiments was 
used as t he  t e s t  p i ece .  This gave the  app l i ed  s t r e s s  (0 ) and 6 values  
g iven  i n  Table Al, from which e was ca lcu la t ed .  
hea ted  up t o  600OC where a carefu l  adjustment was made t o  b r ing  t h e  
four-point  bending apparatus  bars  i n t o  c lose  contac t  wi th  the  sample 
and thus  a d j u s t  f o r  thermal expansion. Then the  sample was f u r t h e r  
hea ted  t o  t h e  experimental  temperature. Some a d d i t i o n a l  thermal 
adjustments  occurred in t h i s  subsequent heat-up. These a r e  r e f l e c t e d  
i n  the  f a c t  t h a t  the  peak measured s t r e s s e s  (om) in Table Al d i f f e r  
from u . t o  um, 
us ing  t h e  room temperature curve f o r  t he  load  and displacement 
r e l a t i o n s h i p s .  
t h a t  may have occurred up t o  the opera t ing  po in t .  
and ea  had t o  be e s t a b l i s h e d  f o r  each 
Then t i e  sample was 
em was c a l c u l a t e d  t o  r e f l e c t  t h e  change i n  Q from CJ 
This does not  r e f l e c t  changes i n  the  e l a s t i c  modulus 
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A pneumatic loading mechanism was used t o  bend the  sample u n t i l  i t  
reached t h e  d e s i r e d  displacement,  f i x e d  by the  micrometer and a 
mechanical t h a t  stopped the t r a v e r s e  of t h e  load  rods a t  t h e  
pre-se lec ted  sample displacement.  The pneumatic l oad  a p p l i c a t i o n  
mechanism imposed t h e  f u l l  displacement and load  i n  a few t e n t h s  of a 
second. The measured s t r e s s  i n  Table Al i s  t h e  maximum load c e l l  
reading recorded a t  t h e  i n s t a n t  of f i r i n g  of t h e  pneumatic loader .  It 
v a r i e s  from about 50 t o  100 percent  of t he  nominal s e t t i n g  recorded a t  
600OC, and i n d i c a t e s  t h a t  t h e r e  i s  cons iderable  adjustment in t h e  
appara tus  tak ing  p lace  throughout t h e  temperature range up t o  1200OC. 
The lower loads  a r e  most severe ly  a f f ec t ed ,  because of t he  small  
displacements  involved. It i s  est imated t h a t  displacements can be s e t  
t o  w i t h i n  about 2 m i l s ,  o r  0.05 mm, corresponding t o  50 grams i n  load.  
This corresponds t o  about 5 MPa i n  s t r e s s .  
The da ta  of Fig.  A2 show some i n t e r e s t i n g  f e a t u r e s .  The sample 
s t r e s s e d  a t  6OOOC shows no creep, as expected from e a r l i e r  r e s u l t s ,  a t  
these  s t r e s s  l e v e l s .  The s t r e s s  r e l a x a t i o n  response f o r  t h e  sample 
s t r e s s e d  wi th  am = 75 MPa a t  800OC shows a very unique response.  Very 
l i t t l e  r e l a x a t i o n  occurred i n  the f i r s t  25 seconds a f t e r  loading ( t h e r e  
was about a 5 MPa decrease i n  s t r e s s  bu t  i t  i s  not  reso lved  on t he  s c a l e  
shown i n  Fig.  A2), before  a rap id  r e l a x a t i o n  was i n i t i a t e d .  Between 
about 30 seconds and 4 minutes, the  s t r e s s  has  re laxed  by a f a c t o r  of 
about two-thirds (l/e p o i n t ) .  In c o n t r a s t ,  it t a k e s  about 10 minutes t o  
r e l a x  t o  the  l / e  p o i n t  from a s t r e s s  of 50 MPa a t  800OC. The re laxed  
s t r e s s  l e v e l s  f o r  both 800OC loading condi t ions  became t h e  same a f t e r  
about 10 minutes,  independent of t he  displacement.  The p l a s t i c  
deformations measured a t  room temperature a f t e r  22 minutes of r e l a x a t i o n  
were 0.30 mm and 0.50 nim f o r  the cases  of the  50 and 75 MPa loads ,  
r e spec t ive ly .  This  measurement was made f o r  a chord spanning t h e  2.5 cm 
d i s t ance  between t h e  inner  pressure  bars .  The 6 value l i s t e d  i n  Table 
Al i s  ca l cu la t ed  f o r  a chord of twice t h i s  d i s t ance ,  i n  c o n t r a s t .  
The remainder of t h e  d a t a  i n  F ig .  A2 a t  1000 and 120OOC a r e  taken  
over  much s h o r t e r  time i n t e r v a l s  and a r e  p l o t t e d  on the  time s c a l e  of 
seconds. A t  l O O O O C ,  s i g n i f i c a n t  s t r e s s  r e l a x a t i o n  has appeared a l r eady  
t o  have taken p l ace  w i t h i n  t h e  time r e s o l u t i o n  of t h e  measurement 
technique ( s e v e r a l  t e n t h s  of a second),  and t h e  maximum s t r e s s  recorded 
may not  r ep resen t  t he  load a t  zero time. 
r e l a x a t i o n  i s  r e l a t i v e l y  slow, and the  s t r e s s  has  only changed by about 
25 percen t  ( t o  1 3  MPa) a f t e r  6 seconds. The load  was kept  on f o r  6 
minutes i n  t h i s  experiment,  a t  which time the  s t r e s s  had re laxed  t o  
about 5 MPa. A t  t he  higher  s t r e s s e s  of 50 and 70 MPa examined a t  
1000OC, s t r e s s  r e l a x a t i o n  i s  very r a p i d  and t h e  l/e p o i n t  i n  s t r e s s  
r educ t ion  i s  reached w i t h i n  about 4 seconds. Af t e r  6 seconds, t he  
s t r e s s  l e v e l s  remaining f o r  these two cases  d i f f e r e d  by l e s s  than  3 MPa. 
Afte r  a loading time of 5 minutes, t he  s t r e s s  l e v e l  f o r  t he  i n i t i a l  load  
of  70 MPa was reduced t o  about 10 MPa. 
A t  a s t r e s s  of 17  MPa, 
The experiments a t  l O O O O C  were expanded t o  ge t  information on 
d i s l o c a t i o n  genera t ion  r a t e s  by removing the  load  a f t e r  s h o r t  t imes of 
a p p l i c a t i o n  of t h e  s t r e s s  -- 2, 4 ,  and 10 seconds f o r  a s t a r t i n g  s t r e s s  
of 50-70 MPa. Cross s e c t i o n s  of some samples a r e  shown i n  Fig.  A3, with  
d i s l o c a t i o n  counts  f o r  samples s t r e s s e d  f o r  2 seconds and f o r  5 minutes  
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Fig. A3. FZ si l icon cross  sect ion micrographs a f t e r  s t r e s s ing  a t  1000°C: 
( a )  f o r  2 seconds and 60 MPa, Nd = 3.5 x 105/m2; (b)  f o r  
10 seconds and 50 MPa. 
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F i g .  A3. FZ s i l i con  cross  section micrographs a f t e r  stressing a t  1000°C: 
( c )  f o r  5 minutes and 70 MPa, N b  = 1-4 x 106/cm2. 
thickness i s  0.038 cm, compression surface i s  down. 
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a t  t h i s  temperatme.  Considerable inhomogeneities i n  d i s l o c a t i o n  
d e n s i t y  are i n  evidence a l ready  a t  very s h o r t  t imes of t he  s t r e s s  
r e l a x a t i o n  a s  t he  d i s l o c a t i o n s  appear t o  be c l u s t e r e d  on p a r t i c u l a r  
s l i p  planes.  
The data a t  1200OC i n d i c a t e  q u a l i t a t i v e l y  s i m i l a r  s t r e s s  
r e l a x a t i o n  e f f e c t s  a s  a t  1000°C, except t h a t  a t  a s t a r t i n g  s t r e s s  of 
35  MPa, near ly  complete r e l a x a t i o n  has  occurred a l ready  w i t h i n  
1 second of loading.  
Techniques by which a c o n s t i t u t i v e  r e l a t i o n s h i p  appropr i a t e  
f o r  s t r e s s  a n a l y s i s  may be e x t r a c t e d  from the  new da ta  have been 
examined i n  a pre l iminary  s tudy ,  bu t  no extended a n a l y s i s  has  been 
at tempted up t o  t h i s  time. The r e l a x a t i o n  time cons t an t s  
c h a r a c t e r i s t i c  of t he  var ious  temperatures  which have been measured 
a r e  only r ep resen ta t ive  of those needed for a complete s t r e s s  a n a l y s i s  
of a growing shee t ,  where a continuous drop i n  temperature i s  
superimposed on t h e  r e l a x a t i o n  phenomenon. More complete d a t a  would 
be needed t o  der ive  a d e t a i l e d  r e p r e s e n t a t i o n  of t he  c o n s t i t u t i v e  law. 
Here, only a few guiding p r i n c i p l e s  f o r  a n a l y s i s  of r e l a x a t i o n  
phenomena w i l l  be mentioned. 
Fixed-displacement creep has  been examined i n  d e t a i l  i n  t he  
l i t e r a t u r e  [ A l l .  The c o n s t i t u t i v e  law i s  o f t e n  taken  t o  be of t h e  
form used for time hardening power law creep:  
t i  n 
E I5 = - + g ( t )  Q 
where g ( t )  i s  a simple func t ion  of t ime and needs t o  be deduced from 
the  experimental  da t a .  
t = 0 ,  the s t r e s s  a t  any time t is t hen  
For a beam bent  under a s t r e s s  a0 a t  t ime 
- l /n-1 & =  [i + ( n  - I)E I g ( t )  d t  Go n-1, 
d 
0 
n-1 where r* = Q 
as a p l o t t i n g  parameter.  Data of t h e  form given  i n  Fig.  2A may then  
be approximately f i t  t ak ing  t* a s  a m u l t i p l e  of t h e  r e a l  t ime, e.g. ,  
wi th  an exponent n - 8-10, a t  8OOOC. It is no t  c l e a r  whether t h i s  
a n a l y s i s  has  any re levance  i n  the  case of t h e  p r e s e n t  da ta ,  and more 
examination of p o s s i b l e  approaches t o  d a t a  r educ t ion  i s  needed. 
E I g ( t )  d t  i s  considered a s  a reduced t ime, and used 
0 
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